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Abstract 
Fluorescence correlation spectroscopy (FCS) is a powerful technique for studying the 
diffusion of fluorescent species in various environments. The technique is based on 
detecting and analyzing the fluctuation of fluorescence light emitted by fluorescent 
species diffusing through a small and fixed observation volume, formed by a laser 
focused into the sample. In spite of its great potential and high versatility in addressing 
the diffusion and transport properties in complex systems, the utilization of the FCS has 
been limited mainly to biological i.e. aqueous environments.[1] Only recently FCS has 
been used to study synthetic polymer systems.[2-17] In my thesis, I focused on the 
application of FCS to study the diffusion of fluorescent tracers in synthetic polymers 
solutions and especially in polymer melts.  
In order to examine our FCS setup and develop a measurement protocol for non aqueous 
systems, I first utilized FCS to measure tracer diffusion in polystyrene (PS) solutions, for 
which abundance data exist in the literature. In this part I studied the diffusion of different 
molecular and polymeric tracers in polystyrene solutions over a broad range of matrix 
concentrations and molecular weights. The diffusion of small molecular tracers in 
polymeric solutions scaled only with the matrix concentration and superimposes on a 
single, non-polymer specific curve. On the contrary, the diffusion of polymeric tracers in 
solutions of matrix polymers with the matrix molecular weight Mw,m sufficiently larger 
than the tracer molecular weight Mw,p scaled with c/cp*, where cp* was the tracer overlap 
concentration. Here I also demonstrated one of unique features of FCS that is the ability 
to address the diffusion of species with significantly different sizes simultaneously. The 
good agreement between my results described in this chapter and the literature data, 
illustrates the capability of FCS to address the dynamics of molecular and polymeric 
tracers in polymer solutions.  
FCS was further developed to study tracer dynamics in polymer melts. In this part I 
investigated the diffusion of molecular tracers in linear flexible polymer melts 
[polydimethylsiloxane (PDMS), polyisoprene-1,4 cis (PI)], a miscible polymer blend [PI 
and poly vinyl ethylene (PVE)], and star-shaped polymer [3-arm star polyisoprene-1,4 cis 
(SPI)]. The dependence of the small tracer diffusion coefficient D on the polymer 
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molecular weight Mw at temperatures far above the glass transition temperature (Tg) was 
studied.  It was found that D(Mw) was strongly related to the molecular weight 
dependence of the polymer matrix glass transition temperature Tg (Mw) and not to the 
macroscopic viscosity. The dependence of D on the tracer size increased with the polymer 
matrix Mw, thus enhancing the violation of Stoke-Einstein condition. The diffusion 
coefficient of a small tracer was compared to the local properties of the polymer host, 
expressed through the temperature dependence of segmental relaxation time τs(Τ) as 
measured by dielectric spectroscopy. It was found that D(T) exhibited comparatively 
weaker temperature dependence than segmental relaxation frequency 1/τs(T). The effects 
of polymer Mw, polymer types, and tracer sizes on the temperature dependence of small 
tracer diffusion D(T) were also discussed. In the miscible polymer blend PI/PVE 
exhibiting two distinct α-relaxations, a single diffusion time was observed, corresponding 
to a composition averaged Tg due to the relatively long length scale (~500 nm) of the FCS 
experiment. Studies of small molecule diffusion in star polymer melts, revealed a 
heterogeneous motion, exhibiting two diffusion modes. The fast diffusion mode 
resembled the results obtained in linear polymers. The slow diffusion mode, found only in 
the star-shaped polymer, was discussed in terms of the more complex topology of this 
material.  
In the final part, I demonstrated the advantage of the small observation volume which 
allowed FCS to investigate the tracer diffusions in heterogeneous systems, which required 
high spatial resolution. In a swollen cross-linked PS bead, FCS was a straightforward tool 
to observe the uniformity of the swelling process by measuring the tracer diffusion at 
different positions inside the bead. The application of FCS to study the tracer diffusion in 
a confined space, like inverse opals, revealed anomalous diffusion behaviors which most 
likely depended on the interaction between probe and systems, as well as the length scale 
of the observation volume as compared to the confined systems. 
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CHAPTER 1  
Introduction and motivation 
 
A comprehensive understanding of the molecular and macromolecular tracer 
diffusion in dilute and undiluted polymer systems is a longstanding research issue, which 
has attracted standing interest during several decades.[2-13, 18-52] Apart from the 
fundamental interest, the processes that take place in such systems have also 
technological importance. The plasticization, coloration, curing, drug delivery in living 
tissue, polymer production, porous chromatography and solvent evaporation in coatings 
are all influenced by the mobility of solvents, dyes, and various low molecular weight 
additives. Access and control of the local friction in polymer based systems are very 
important since, they are the main kinetic factors for hierarchical larger scale motions, 
e.g. self-diffusion. In past several decades the behaviors of the self-diffusion of polymer 
in solutions have been intensely studied and well understood. In dilute solution at 
temperature T, a linear flexible polymer with hydrodynamic radius (R) is well elucidated 
with Stokes-Einstein (SE) equation, D = kBT/6πηR, where D is diffusion coefficient, kB BB is 
Boltzmann constant, and η is the solution viscosity.  In this regime the diffusion 
coefficient D of a polymer, with degree of polymerization N, does not strongly depend on 
the polymer concentration c, and D is proportional to N-ν, where ν is Flory index and 
equals to 0.5 for theta solvent and 0.588 for good solvent. In semidilute regime, polymer 
chains perform entangled coils and overlapping to each other. The transition from dilute 
regime to semidilute regime is at the so called overlapping concentration, c*, which can 
be defined as c*=3Mw/4πNARg3,[53] where Mw is weight average molecular weight of 
polymer, NA is Avogadro’s number, and Rg is radius of gyration, which is typically 
proportional to hydrodynamic radius, R. For example, for polystyrene Rg = 1.3R in a good 
solvent.[54] 
The self-diffusion of entangled polymer coils in semidilute solutions is treated in terms of 
the motion of individual chains through a transient network formed by the overlapping 
coils. [18, 19, 21, 29]  As proposed by de Gennes,[18, 19] the scaling laws of the self-diffusion 
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coefficient, Ds, of polymer in semidilute solution can be written as Ds ~ N-2c-1.75. In the 
transition region from dilute to semidilute regime (c ≅ c*), however, the Ds is scaled by 
Ds ~ c-0.5. Experimentally, nonetheless, the double-logarithm plot of Ds over the 
concentration exhibits smooth curve with progressively increasing curvature rather than 
straight lines predicted by de Gennes’ scaling concept.  The concentration dependence of 
Ds, therefore, has been described also with a semiempirical exponential law by 
Phillies;[27] Ds = D0 exp(-αcu), where D0 is diffusion coefficient in pure solvent, α and u 
are the scaling coefficients. 
For the small tracer diffusing in polymer solutions, the tracer diffusion coefficient 
dependence on matrix polymer concentration is usually discussed in terms of 
spatiotemporal properties of both the matrix and the tracer species.[47] These properties 
are expressed by the size (R) of the diffusant and the mesh size (ξ) for the polymer 
solution and its global dynamics relative to the time that the diffusant needs to cover the 
distance ξ. Nemeto et al[25] and von Meerwall et al[23] revealed that the diffusion 
coefficients of small molecules in polystyrene solutions normalized by D0 (the diffusion 
coefficient in pure solvent) depended only on the crowding environment (polymer 
concentration), not on polymer Mw. These results were in good agreement with the 
developed free volume concept. In their cases the tracers were sufficiently small to 
disregard the macroscopic viscosity increasing by the polymer Mw.  
To understand molecular diffusion in undiluted polymers, i.e. polymer melts, several 
theories have been proposed and many experimental techniques have been developed. So 
far the diffusion of small molecules in polymer matrices were mostly analyzed by a free 
volume theory[20] presuming that the transport is controlled by the availability of free 
volume within a system, and also discussed in terms of the segmental dynamics of the 
polymer matrix.[6, 34, 35, 39, 41-43, 51] The dynamics of small molecules in melt polymers have 
been also explained by assuming the cooperative motion with the polymer segment and 
expected to obey the same temperature dependence as the segmental dynamics of a host 
polymer.[35] Many experiments have been performed in the past decade to investigate the 
relationship of single molecule motions and polymeric segment motions in undiluted 
polymers.[6, 39, 41-43, 51]  
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Contradictory to the expectation, the studies of small molecule diffusions in polymer 
melts revealed the dynamics heterogeneity, especially at T ≤ Tg. It was found that the 
translational motion of a small molecular probe in polymer melts showed weaker 
temperature dependence than the segmental movement frequency.[39, 51] The probe size, 
shape, and flexibility significantly affect the magnitude and temperature dependence of 
translational diffusion coefficients of probes in polymers.[34, 41, 42] A flexible molecule 
requires the cooperative mobility of fewer polymer chain segments than a rigid 
molecule.[41] In spite of the extensive experimental effort in the past decade, the 
relationship between molecular probe diffusion and segmental dynamics in polymer melts 
is still unclear. Whether the polymer segmental dynamics associated with the primary α-
relaxation can be deduced from the probe diffusion it remains an open question.  
A number of experimental techniques have been developed and utilized to study polymer 
chain diffusion and/or small tracer diffusion in dilute and undilute polymers. Most 
commonly used methods include for example, pulse-field-gradient NMR (PFG-NMR)[32, 
37, 38, 46], fluorescence recovery after photobleaching (FRAP),[39, 52] fluorescence non-
radiative energy transfer (NRET),[41, 42] forced Rayleigh scattering (FRS),[34, 51] etc. 
Examples of widespread methods to evaluate diffusion behaviors are briefly described 
below. 
• Pulsed-field-gradient-NMR (PFG-NMR) has been widely used to study diffusion 
properties of various systems, including polymers. This method is an application 
of NMR technique by modifying the input magnetic field as a series of gradient 
pulse duration to create phase variations of nuclear spins.  The input signal, so 
called pulsed-field-gradient, is typically designed by pulse duration, pulse 
magnitude, and time interval between two pulses. The intensity response of the 
relevant peaks (according to the observed molecules) in the NMR spectrum will 
be recorded for a series of values (usually > 8 pulses) of the gradient pulse 
duration. For the diffusing molecule, the ratio of the signal intensity in the 
presence and absence of gradient pulses decays exponentially as a function of the 
input signal parameters. The decay rate can be related to the diffusion coefficient 
of the observed molecules.  
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• Fluorescence recovery after photobleaching (FRAP) denotes an optical technique 
capable of quantifying the two dimensional lateral diffusion of a thin film 
containing fluorescence species. Similar, but less well known, techniques have 
been developed to investigate the 3-dimensional diffusion and binding of 
molecules inside the cell. The technique is performed by uniformly depositing the 
fluorescence species that are easily bleached in the sample and illuminating with a 
sufficient power to bleach the dye molecules within a defined area, e.g. in the 
order of 10-100 µm in diameter. After bleaching, images are collected as a 
function of time. The fluorescence recovery is related to the diffusion of the 
unbleached fluorescence molecules into the bleached area. The diffusion rate can 
be evaluated from the recovery rate in the defined area.  
• Forced Rayleigh scattering (FRS) is a light scattering technique used to 
investigate light-induced pattern structures that decay in a relaxational manner. 
The shape of the pattern is widely variable and may be adjusted for the particular 
purpose. In general, plane gratings are used. The grating structure is created by the 
interference of two coherent writing beams with the same intensity but different 
incident angles on a sample containing dye molecule for a short period, i.e. 1 
second. The forced scattering is detected by a reading laser beam of different 
frequency, which is adjusted to meet the Bragg condition. The amplitude of 
scattering intensity exponentially decreases with time due to the diffusion of the 
dye molecules. The decay of scattering intensity can then be related to the 
diffusion coefficient of the dye molecules in the sample.  
These techniques have been used to evaluate the diffusion behaviors of molecules or 
macromolecules in polymer systems for several decades. Nevertheless they have some 
limitations or drawbacks to address the diffusion in some environments. For example, 
these techniques may require relatively high concentration of tracers to enhance signal to 
noise ratio, whereas in some systems the local properties may change significantly with 
too high amount of tracers, i.e. polymer melts, from the effects of tracer aggregation or 
polymer plasticization. Another crucial limitation of these techniques is lack of the ability 
to address straightforwardly the local dynamics in heterogeneous systems which require 
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high spatial resolution. A technique that can fulfill these requirements therefore becomes 
a motivating alternative. 
In the recent years, the fluorescence correlation spectroscopy has emerged as a powerful 
tool for investigation of the diffusion of fluorescent molecules, macromolecules or 
nanoparticles in various environments. FCS is a single molecule spectroscopic technique 
able to address extremely low concentrations (nano molar) of fluorescence species. 
Furthermore the method offers an extremely small observation volume (<1µm3) that 
provides a great potential to locally access the systems which require high spatial 
resolution. Not surprisingly therefore, during the last decade, FCS has become one of the 
best tools to evaluate the diffusion and transport properties in complex systems.  Mainly 
for traditional reasons, however, so far the utilization of the FCS has been limited mostly 
to biological studies, i.e. aqueous environments.[1, 10, 48, 49, 55-58] Only recently FCS was 
successfully applied to study the size and conformation of macromolecules in organic 
solvents[4, 9], adsorbed polymers,[14-16] grafted gel,[8] diffusion in polymer solutions,[3, 5, 7, 
11, 13] and thin polymer films.[2] Furthermore it was shown that FCS can follows the 
process of  radical polymerization of styrene over an extensive conversion range[12] and 
address the swelling of crosslinked polymer microbeads in organic solvents.[17] 
With respect to polymer systems, FCS was initially employed to study water soluble 
polymers, such as polyethylene glycol (PEG),[14-16] poly (N-isopropylacrylamide) 
(PNIPAAm),[8] polyvinyl alcohol (PVA),[10] amphiphilic diblock copolymers.[49] Research 
group of Steve Granick studied PEG diffusion at liquid-solid interface by two-photon 
FCS.[14-16] They found the polymer diffusion at surface in dilute condition provided 
higher scaling with degree of polymerization N (D~ N-1.5) than that in dilute solution (D~ 
N-0.5). Research group of Papadakis CM.[49] applied FCS to observe the micelle formation 
of amphiphilic diblock copolymers fluorescencely labeled with rhodamine dye in aqueous 
solutions, and they showed good agreement with other conventional methods. Gianneli 
M. et al.[8] recently studied tracer dynamics in swollen PNIPAAm gels anchored on solid 
surface in ethanol ambient by FCS. They proposed that the relation of tracer diffusion to 
mesh size can be utilized to characterized permanently cross-linked and grafted 
PNIPAAm networks.  
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When FCS is applied to polymer solutions in organic solvents or to polymer melts, some 
specific issues arise. For example, since the time scales of molecular motion in 
concentrated polymer solutions and melts are considerably larger than in most aqueous 
systems, the issue of photostability of the dye has to be addressed. Most organic solvents 
have a considerably higher vapor pressure than water; therefore, a well-enclose chamber 
is required. Another important issue is the calibration of the observation volume. In 
aqueous environment this is typically done by using a standard dye with known diffusion 
coefficient e.g. rhodamine 6G.[59] Since the refractive indices of the various organic 
solvents or polymer melts are generally different and there is no standard dye available, 
the calibration must be carefully done for every specific system as described in chapter 2. 
As described above, to date, only few works report FCS studies of polymer solutions in 
organic solvents or to polymer melts. Zettl and coworkers[3, 7] reported a successful study 
of self-diffusion of polystyrene in toluene solution by FCS. They have labeled relatively 
monodipersed polystyrene with rhodamine B to enable FCS measurements. In 2005 Liu 
et al.[5] studied the concentration dependence of diffusion coefficient of labeled PS in 
PS/toluene solution by FCS. The observation volume calibration in their work was done 
by comparing the diffusion time from FCS to the diffusion coefficient of diluted PS 
solution from dynamic light scattering. Their FCS results were in a good agreement to the 
literature data obtained by other methods, and can be represented by both the scaling 
concept (D ~ c-1.75) in semidilute regimes and the stretched-exponential function (Phillies 
equation), D = D0exp (-αcu), where α = 15 and u = 0.65. In 2008, Grabowski C. and 
Mukhopadhyay A.[11] employed FCS to study the concentration dependence of self-
diffusion of labeled polystyrene in solutions, where the polymer Mw was still below 
entanglement Mw. They studied the temperature dependence at each concentration and 
revealed that the activation energy increased with the increasing polymer concentration. 
Recently Wöll D. and coworkers[12] applied the single molecule spectroscopy and FCS 
techniques to follow the radical polymerization process with increasing polymer 
conversion by investigating the change of diffusion rate of the fluorescence probes. For 
the overall conversion range the dyes diffuse freely with continuously slowing down by 
the surrounding growing-polymer chains. They also used the perylene dye bearing two 
styrene functional groups which can covalently bond with the polymer, and observed two 
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diffusion modes of this dye; one was the free diffusion and another was incorporation 
with the growing polymer chains.  
The first FCS study of tracer diffusion in poly(n-butyl acrylate) (PBA) melts has proved 
the capability of the technique to study polymer melts in 2005 by Best A. and coworkers. 
They showed that macroscopic viscosity did not affect the diffusion of a small tracer that 
seemed to sense the microscopic friction of the polymer matrix. However, due to 
technical limitations, in this early work the absolute values of the tracer diffusion 
coefficient were not determined and the studies were restricted to a room temperature 
only.[6]  
In my thesis I present the results of an extensive and systematic study of different tracers’ 
diffusion in undiluted polymer systems by using FCS. While the experimental data on 
tracer diffusion in polymer melts are still relatively limited and their interpretation are 
still questionable, the processes of small molecule and macromolecule diffusion in 
solutions are well understood in both theoretical and experimental point of view. In 
addition FCS technique was already successfully applied to study diffusion in polymer 
solutions as discussed above. Prior to polymer melt study, therefore, I first applied FCS to 
study diffusion in polymer solutions, as described in chapter 3. In this chapter I illustrate 
the FCS measurements of small molecular and polymeric tracer diffusions in polymer 
solutions with very broad range of polymer matrix concentration. The FCS experimental 
setup performance including the calibration method can be verified by comparing the 
results with the experimental data from other techniques and theories existing in 
literatures. Ultimately in this chapter I also point out some unique features of the FCS, i.e. 
the investigation of molecular and polymeric tracers simultaneously. 
Subsequently, I emphasize the application of FCS to study polymer melts, as mainly 
discussed in chapter 4. This study was performed by using a model of simple linear 
homopolymer which is in a melt state at room temperature. In this case 
polydimethylsiloxane (PDMS) and polyisoprene-1,4 cis (PI) were selected. First I 
illustrate the small tracer diffusions in these polymers with varied Mw, ranging from 
oligomers to highly entangled polymers, so that their glass transition temperatures Tg 
(Mw) are different. The temperature dependence studies of the small tracer diffusion in 
both PDMS and PI were also performed in order to compare with the polymer segmental 
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dynamics, which have been typically studied in term of temperature dependence by other 
classical methods, e.g. dielectric spectroscopy (DS). Furthermore I used FCS to 
investigate the tracer diffusion in a symmetric miscible polymer blend of polyisoprene-
1,4 cis (PI) and polyvinyl ethylene (PVE), exhibiting two distinctive segmental relaxation 
times. 
In the last section of chapter 4, to study the effects of polymer topology, the star polymer, 
symmetric 3-arm star polyisoprene-1,4 cis (SPI) with different arm molecular weight Ma, 
was selected as a model. The dynamics of star-branched polymers have been intensely 
studied due to their distinctive properties which are usually compared with those of the 
linear counterparts with the same span molecular weight (2Ma of star polymer = Mw of 
linear).[60-66] In spite of the dynamics of the star polymer itself, it is very fascinating to 
observe the effects of polymer branching on the small tracer behaviors. In this section I 
present my studies on the small tracer diffusions in 3-arm star polymers and compare the 
results to those in the linear counterpart (linear PI). 
Finally I focus on the advantage of the small observation volume in FCS technique 
providing high spatial resolution. Here FCS was applied to investigate the tracer diffusion 
in heterogeneous systems, which might be accessed with difficulty by other conventional 
methods. The studies of small tracer diffusion in cross-linked polystyrene beads swollen 
in the toluene ambient and small tracer diffusion in silica inverse opals are respectively 
shown in chapter 5. Briefly, in my research works FCS technique is applied to various 
polymer systems, including a simple and well-known system, like polymer solutions, and 
more complicated systems, like polymer melts and heterogeneous systems. 
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CHAPTER 2 
Methods and materials 
 
2.1 Fluorescence correlation spectroscopy (FCS) 
2.1.1 Introduction to FCS 
Fluorescence correlation spectroscopy or FCS is a technique based on detecting 
and analyzing the fluorescence light emitted by fluorescence species (e.g. molecules, 
macromolecules, nanoparticles, etc.), diffusing through a small and fixed observation 
volume element V. The method was first introduced by Madge, Elson and Webb in 1972- 
1974, as application to study the kinetic of the binding process of a dye to DNA.[59, 67, 68] 
In their setup they used long focal distance length lens so that the focus depth was much 
greater than the thickness of the sample cell and the laser intensity was constant along the 
incident direction (z-direction). Such apparatus provided a well-defined, precisely 
characterized and small sample volume. They also used the method to carefully measure 
the diffusion coefficient of rhodamine 6G (Rh6G) in aqueous solution, yielding DRh6G= 
2.8×10-6 cm²/s.[59] This value is currently accepted as a standard and often used for 
calibration of a FCS setup. After this pioneer study, a number of other experiments were 
intensely performed. Nevertheless, these measurements suffered from poor signal-to-
noise ratios, because of low detection efficiency, large number of particles and 
insufficient background suppression. These problems were solved in 1993 with the 
introduction of the confocal illumination/detection scheme in FCS by Rigler et al.[69] 
Subsequently abundant technical improvements have been established to enhance the 
efficiency of FCS technique, and led to a renewed interest in FCS. The efficient detection 
of emitted photons extended the range of applications and allowed one to probe the 
conformational fluctuations of biomolecules and the photodynamical properties of 
fluorescent dyes.  
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Sample 
                                                      
Figure 2.1 Schematic drawing of fluorescence correlation spectroscopy with the 
magnigied image of confocal volume. 
 
In the confocal technique, a laser beam is focused in a sample that contains fluorescent 
particles using a high numerical aperture objective. Then the illuminated fluorescence 
species will emit the fluorescence light, which is collected by the objective and pass 
through the dichroic mirror and emission filter. The pinhole in an image plane eliminates 
out-of-focus fluorescence and allows only the fluorescence signal originating from the 
small confocal volume, thus providing axial resolution. Afterwards, the light is focused 
onto the detector, typically an avalanche photodiode or a photomultiplier with single 
photon sensitivity. The profile of observation volume can be described by Gaussian 
distribution of the detected intensity, usually represented as an ellipsoidal shape, with the 
main axis of r0 and z0, as shown in a magnified image in figure 2.1. In a typical 
application, the r0 and z0 are roughly 0.2 μm and 1 μm, respectively, yielding an 
extremely small detection volume V (typically V~ 1 fL (10-15 L). FCS nowadays has 
become a powerful method with high spatial resolution to investigate the diffusion of 














 - 17 -
 
Chapter 2 Methods and materials 
2.1.2 Autocorrelation function and diffusion coefficient determination 
When the fluorescent molecules diffuse in and out of the observation volume, they 
cause temporal fluctuations of the detected fluorescence intensity δF(t') (See figure 2.2), 
which is defined as the deviation from the temporal average intensity signal.  
)'()'()'( tFtFtF −=δ     (2-1) 
As can be seen in the magnified picture in figure 2.2, the experimental fluctuations arise 
from the changes in the local concentration of the fluorescence species in the observation 
volume V, which can be written as 
( )∫ ⋅⋅⋅=
V
dVtrCQrWtF )',()()'( δδ               (2-2) 
where W(r) describes the observation volume approximated by three-dimensional 









    (2-3) 
 
 
Figure 2.2 Fluorescence intensity fluctuations from the movement of 
fluorescence species in and out of the observation volume.  
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The term Q is defined as the photon count rate per detected molecule per second which 
refers to a quantum yield and detector sensitivity. This term contains the fluctuation of the 
fluorescence intensity due to internal processes.  The last term, δC(r, t’) is the fluctuation 
of the local particle concentration at time t’ due to the particle motion. 
The autocorrelation function is defined as: 






+=− δδ                         (2-4) 
corresponding to the probability that a chromophore inside the volume V, at time t’ will 
be still inside at time t’+ t. The autocorrelation curve from the experiment can be 
schematically constructed as shown in figure 2.3. 
 









































































Figure 2.3 Development of an autocorrelation curve with the lag time, t.  
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Substituting (2-2) and (2-3) in (2-4) and performing the integration it can be shown that 
for an ensemble of m different types of freely diffusing fluorescence species the 
autocorrelation function has the following analytical form:[1, 55]  



















G                       (2-5) 
where Np is the average number of diffusing particles in the observation volume. τDi is 
the average diffusion time of the i-th species through the observation volume, defined as 
τDi = r02/4Di, where Di is the respective diffusion coefficient. fi is the fraction of 
component i, and S is the so called structure parameter, S = z0/r0, z0 and r0 represent the 
axial and radial dimensions of the confocal volume, respectively.  
Besides the translational diffusion, other internal processes can also give rise to the 
fluctuations in the fluorescence signal. A typical example is the so called triplet blinking. 
In general, when a chromophore is excited by a laser, it shifts from the ground state, S0, to 
the excited state, S1. Typically the chromophore will then return to the ground state 
emitting a fluorescence photon, as schematically shown in figure 2.4 (a).  
 
S1 





(a)  S0?S , S1 1?S        (b)  S0 0?S1, S1?T ?S1 0
Figure 2.4 Schematic drawing of light absorption that excites a chromophore to 
the singlet state S1 and the relaxations (a) from singlet state to ground state 
S1?S0, and (b) relaxation from singlet to ground state via triplet state 
S1?T ?S . 1 0
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There is a certain probability however that the chromophore may undergo a transition 
from S1 to the first excited triplet state T1 as shown in figure 2.4 (b). As this transition is 
forbidden by quantum mechanics, the chromophore needs a comparably long time to 
relax back to the ground state. During these intervals, the dye cannot emit any 
fluorescence photons and appears dark. This triplet blinking can be described by a simple 










   (2-6) 
where Tr and τTr are triplet fraction and triplet decay time, respectively. The triplet 
relaxation appears as an additional shoulder in the autocorrelation curves at lag time 
significantly shorter than the translational diffusion time of a conventional dye (typically 
τTr ~ 10-6 s). To account for this triplet process, the autocorrelation function in equation 2-
5 can be simply multiplied by the equation 2-6. There are also other processes that can be 
monitored by FCS, i.e. chromophore rotation, anti-brunching. However all these 
processes (triplet, rotation, and anti-brunching) occur at short time scale as compared to 
the translational diffusion time; they are practically negligible, especially in slow 
diffusion processes, such as the diffusion in a dense polymer system. 
For small number of particles moving independently in the observation volume, G(t) can 
be directly related to the mean square displacement (MSD), <Δr²(t)> of the fluorophores 
through[58] 
 


























                   (2-7) 
where Np is the average number of freely diffusing species. It should be note here that 
this expression is derived from one type of diffusing species in the system. With 
sufficiently long lag time for a Brownian motion particle, <Δr²(t)> is linearly increased 
with time, corresponding to the diffusion coefficient definition; <Δr²(t)> = 6Dt. 
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When the experimental autocorrelation G(t) (equation 2-4) is fitted with the analytical 
model function (equation 2-5), the lateral diffusion time τDi can be determined and the 
corresponding diffusion coefficient Di can be evaluated through:[1, 55]  
   Di = r02/4τDi     (2-8) 
As the value of r0 depends strongly on the geometrical characteristics of the optical setup 
and the refractive indices of media, a suitable calibration for a particular experimental 
setup is required. In aqueous environments, FCS calibration typically relies on the 
straightforward measurement of the characteristic diffusion time of a dye molecule with 
known diffusion coefficient i.e. rhodamine 6G.[1, 59] 
In organic solvents, however, no such simple means is available. Many dye molecules 
tend to aggregate in organic solvents, and in contrast to aqueous systems the diffusion 
coefficients are barely known. Recently it was suggested that the calibration of the FCS 
observation volume can be done by independent measurements of the tracer diffusion 
coefficient by other conventional methods.[5]  The selection of the tracer for calibration is 
based on the preference method. For example, in this work I selected dynamic light 
scattering (DLS), so the tracer requirements are following; 
• The tracer must be fluorescently labeled in order to be accessible by FCS. 
• Its diffusion motion should be simply determined by a classical DLS setup, i.e. 
tracer size should be large enough, no interaction between particles. 
A suitable tracer for such calibration procedure is for example a labeled polymer in dilute 
solution and therefore a perylene labeled-polystyrene in organic solution was selected in 
this thesis. The calibration of the observation volume can be then performed by 
measuring the labeled-polystyrene diffusion in a dilute concentration solution by DLS. 
Then the lateral diffusion time of the same sample was measured by FCS. From the 
evaluated value of the diffusion coefficient from DLS and the diffusion time from FCS, r0 
can be directly calculated by equation 2-8. For the given experimental setup, the 
calibrated value of r0 can be used commonly for the same solvent or for any sample with 
the same refractive index as the solvent.  
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2.1.3 Materials and preparations 
2.1.3.1 Materials 
Molecular tracers 
 In FCS, which is a single molecule technique, one of the most crucial properties of 
a selected dye is the photostability, which must be high enough to enable the dye to 
withstand the intensive power in the laser focus. For FCS applications in aqueous 
systems, most commonly used fluorophores are rhodamine dyes and Alexa dyes, which 
exhibit a wide selection of different colors throughout the visible spectrum. However 
most of these dyes can not be used in organic solvents. Other series of chromophore, 
which are dissolvable in organic solvents, are the rylene dyes. These dyes can be also 
modified with a hydrophilic functionality to become water soluble. Because of their high 
quantum yields and good photostability[70-73] the rylene dyes are very suitable tracers for 
FCS studies.  
First I selected two in-house synthesized rylene dyes, which are N-(2,6-diisopropyl 
phenyl)-9-(p-styryl) perylene-3,4-dicarboximide, a perylene (PMI) dye, and N, N´-bis 
(2,6-Diisopropylphenyl)-1,6,9,14-tetraphenoxyterrylene-3,4:11,12-tetracarboxi-diimide, a 
terrylene (TDI) dye. In this work, in some studies I also used the commercial perylene 
(PDI) dye, N,N′-Bis(2,6-dimethylphenyl) perylene-3,4,9,10-tetracarboxylic diimide 
(Sigma Aldrich, Germany). In the final part of my thesis, I also performed the FCS study 
in aqueous solutions, where Alexa fluor 488 (Invitrogen, Karlsruhe, Germany) dye was 
selected as a tracer. The chemical structures of all dyes are shown in figure 2.5. The in-
house prepared perylene dye (PMI) bears styrene functionality and can be also used for 
covalent labeling of polystyrene, and hence enables polymeric tracer study (mentioned in 
the next topic). 
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(c) Perylene (PDI)         (d) Alexa fluor 488   
  
Figure 2.5 Molecular structures of fluorescence tracers used in this thesis; in-
house synthesized (a) perylene (PMI) and (b) terrylene (TDI), (c) commercial 
perylene (PDI), and (d) Alexa fluor 488.  
  
 
Absorption and emission spectra of PMI and TDI dyes are shown in figure 2.6 (a) and (b), 
respectively. These spectra were used for excitation laser and emission filter selection in 
the FCS measurements. For example, the perylene dye absorbs the excitation light in the 
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wavelength region, λex= 450-550 nm, and emits fluorescence at λem ~550-650 nm. In the 
experiments with perylene dye, either Ar+ 488 nm or HeNe 543 nm can be used as an 
excitation laser. Terrylene dye is an alternative dye for a system that requires a larger dye 
or a system that calls for the longer excitation wavelength region. For example, the 
polyisoprene in this work contains unknown fluorescent component that can be excited 
with short wavelength laser. Therefore a dye excitable with long wavelength laser is 
required as a tracer. 
 








































































Figure 2.6 Absorption and fluorescence emission spectra of (a) perylene (PMI) in 




 - 25 -
 
Chapter 2 Methods and materials 
Polymeric tracers 
Three polystyrene batches; PS-34, PS-255 and PS-340, prepared by using anionic 
polymerization technique described elsewhere,[74, 75] were covalently labeled with PMI 
dye, a perylene chromophore bearing styrene functionality (figure 2.7).[76, 77] In the 
termination step of polymerization, after obtaining the required molecular weight, a 
solution of the fluorescence dye in THF (molar ratio of the dye to polystyrene 5:1) was 
added into the living polystyrene solution (in cyclohexane) and the reaction mixture was 
stirred for 72 hrs at room temperature. The living anionic ends were quenched by addition 
of methanol. The polymer was then twice precipitated in methanol to remove the excess 
of dye, and then dried in vacuum for 48 hrs. It is important to emphasize at this point that 
we did not precipitate more often i.e. until complete removal of the unattached dye, 
because (as shown below) FCS can easily separate the contributions of tracers with 
different sizes.  In the text afterward the polystyrene with Mw of j kg/mol is referred to as 
PS-j and the subscribed ‘L’ is added for labeled polymer, for example; PS-220 used for 
polystyrene with Mw of 220 kg/mol, PSL-34 used for labeled PS with Mw of 34 kg/mol, 







Figure 2.7 Covalent labeling of polystyrene using PMI dye. 
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The fluorescently labeled polystyrenes were characterized by gel permeation 
chromatography (using PS standards and THF as eluent) and 1H NMR. The data for the 
molecular weights and polydispersities of all samples are summarized in table 2.1. As an 
example, the 1H NMR results for PSL-340 are given below. 
1H-NMR Spectrum of PSL-340 (500 MHz C2D2Cl4, 100°C):  
δ= 7.04-6.89 (br, Harom), 6.70-6.37 (br, Harom), 2.19-1.27 (br, CH and CH2), 1.27-1.15 (br, 
(CH3)i-prop.) ppm. 
 
Table 2.1 Series of polystyrenes fluorescently labeled with PMI 
GPC results (THF, Polystyrene standard):  
Samples Mw[g/mol] Mw/Mn
PSL-34 34,000 1.05 
PSL-255 255,000 1.07 
PSL-340 340,000 1.17 
 
2.1.3.2 Sample preparations 
Polymer solutions 
For the investigation of tracer diffusion in polymer solutions the main studied 
system was polystyrene/acetophenone solution. Polystyrenes with different molecular 
weights as shown in table 2.2 were used as matrices. The tracers PMI, PSL-34, PSL-255 
and PSL-340 were dissolved in acetophenone or toluene (Sigma-Aldrich) at 
concentrations of 5x10-8 M. Unlabeled polystyrenes with different molecular weights 
were gradually added to these solutions as matrix polymers up to the desired polymer 
concentration. The solutions were stirred by a magnetic stirrer at 700-1000 rpm for an 
extended period of time ranging from 4 to 24 hrs. Due to their very high viscosity the 
solutions with PS concentration above 0.1 g/ml could not be mixed with magnetic stirrer 
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Table 2.2 Polymers used as matrices for polymer solution study. 
Polymers Mw (g/mol) Mw/Mn
PS-110 110,000 1.10 
PS-220 220,000 1.09 
PS-450 450,000 1.65 
PS-1700 1,700,000 n/a 
 
Polymer melt systems 
Polydimethylsiloxane (PDMS) and polyisoprene-1,4 (PI) were selected as linear 
host polymers. The glass transition temperature, Tg, of all samples were characterized by 
differential scanning calorimeter (DSC) with heating and cooling rate of 10°C/min. The 
molecular weights, sources, polydispersity indices, and Tg are summarized in Table 2.3. 
Table 2.3 Information (sources, Mw and Tg) of all polymer melts  
Polymers Sources Mw (g/mol) Mw/Mn Tg (°C) 
770 1.24 -136.0 
2,000 1.40 -129.5 
4,000 1.75 -127.8 
6,000 1.80 -127.0 
14,000 1.89 -126.1 
28,000 1.75 -125.8 
63,000 1.71 -125.4 
Alfa Aesar, Germany 
117,000 1.73 -125.3 
5,800 1.07 -127.1 
11,820 1.10 -126.5 
20,820 1.12 -125.9 
33,880 1.05 -125.6 




65,280 1.07 -125.5 
PSS, Germany 1,450 1.10 -81.2 
2,580 1.21 -82.1 
3,470 1.07 -71.6 
6,770 1.06 -67.6 
12,670 1.04 -64.3 
22,500 1.06 -64.6 
PI-1,4 cis In-housed synthesis 
(MPIP) 
33,000 1.09 -64.6 
PVE (PB-1,2) PSS, Germany 3,690 1.06 -22,7 
10,150a 1.02 -66.4 
3-arm star PI PSS, Germany 
28,800a 1.02 -64.9 
a) Arm molecular weight, Ma. 
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The TDI and PMI dye were used as molecular tracers for PDMS samples. However in all 
polyisoprene samples, only the TDI dye, excitable with HeNe633, was used due to self-
fluorescence caused by an unknown component in polyisoprene derivatives (both in-
house and commercial samples), that can be excited short wave length laser, i.e. Ar+ 488 
or HeNe 543. The dyes were first dissolved in an organic solvent, i.e. tetrahydrofuran, 
THF, with the concentration around 10-5-10-6 M, and introduced into the host polymer. To 
facilitate in FCS measurement the absolute dye concentration (after solvent evaporation) 
was controlled in a nanomolar range. Pure solvent was added to aid the mixing and the 
solution was mixed mechanically by magnetic stirrer at speed of 1000 rpm for 5-6 hr. 
After mixing, the solvent was initially evaporated at 40oC under vacuum for 3-4 hr, and 
the sample was further annealed under vacuum at room temperature for 1-2 weeks. The 
time period for mixing and evaporating was extended for the higher viscosity samples. To 
ensure the complete evaporation of solvent, the samples were re-measured by FCS after 
again leaving considerably longer time in the vacuum. The measurement was 
reproducible after leaving the sample for more than 6 months. 
To study the tracer diffusion dynamics in miscible blends, two pairs of blends were 
selected. First was the mixtures of two 1,4-polyisoprenes with different Mw (PI-2.5 and 
PI-33) with the various weight fractions of 0.25, 0.5, 0.75 of PI-2.5. Second, poly vinyl 
ethylene (PVE) with Mw of 3.7K was selected to mix with 1,4-polyisoprene Mw of 3.5K 
with the ratio of 1:1. The preparation of the blend was done by dissolving both polymers 
in an organic solvent, i.e. THF, and mixed overnight. In this step, a certain amount of TDI 
dye was added. Then the solvent has been evaporated under vacuum for a few weeks. The 
concentration of dye in the solvent-free sample was also controlled to be in the nanomolar 
range.  
For the study of effects of polymer architectures on the small tracer diffusion, the 3-arm 
star polyisoprene-1,4 with arm molecular weight, Ma, of 10K and 29K were selected. The 
preparations were done with the same procedure as linear PI by using TDI dye as a 




 - 29 -
 
Chapter 2 Methods and materials 
Swollen cross-linked polystyrene bead 
PS beads with 4-8% crosslink (diameter ranging from 1 to 50 µm, density = 1.05 
g/cm3, Duke Scientific Corporation, Palo Alto, CA) were used in this work. The PS beads 
were deposited on a clean glass slide (diameter of 25 mm, thickness of 0.16 mm, Menzel, 
Germany) mounted in an Attofluor cell. The commercial perylene, PDI, was selected as a 
tracer in this study. The dye was first dissolved in toluene with the concentration of 
around 10 nM. Then the dye solution was added in to the Attofluor cell with the presence 
of PS beads and left for 1 hour before measuring to allow fully swelling of PS beads.  
Silica inverse opals 
The inverse opal made from silica was prepared via co-deposition method by our 
collaborator, Retsch Markus. The opal was self-assembled on the round microscope glass 
slide (Manzel, Germany) with diameter of 25 mm and thickness of 0.170 mm. The 
preparation procedure, described elsewhere,[78] provided 5 μm thick inverse opal layer 
with the opal size of 300-350 nm, and the small connection holes with the diameter of 
around 70 nm between opals (see SEM (scanning electron microscope) images in chapter 
5). The glass slide with the opal layer was mounted in an Attofluor chamber. Two 
solution systems with two different dyes were prepared. First, Alexa Fluor 488 was 
dissloved in Milli-Q water at concentration around 5 nM. The chemical structure of Alexa 
dye is earlier shown in figure 2.5 (d). Second, the commercial perylene dye (PDI) was 
dissolved in toluene with similar concentration (5 nM). In each study, the dye solution 
was then added on the opal layer in Attofluor chamber and covered with another glass 
slide to prevent solvent evaporation. 
 
2.1.4 FCS experimental setup 
The measurements were performed on a commercial FCS set-up (Carl Zeiss, Jena, 
Germany) consisting of the module ConfoCor 2, an inverted microscope model Axiovert 
200, laser unit, and Avalanche photo Diode (APD) detector unit, as schematically shown 
in figure 2.8. The Axiovert 200M has two identical optical ports, available for FCS 
detection and laser scanning microscope (LSM 510) on the same microscope stand. A 40x 
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Plan Neofluar objective with a numerical aperture of 0.9 and oil as immersion liquid were 
used in this work.  
 
Figure 2.8 Schematic drawing of ConfoCor 2 and laser beampath. 
 
Polymer solutions 
In this experiment, acetophenone was used as a main solvent, which can absorb 
and slightly emit fluorescence light with short wavelength laser (Ar+488 nm). To avoid 
such disturbing signal from acetophenone, the fluorescence species (PMI dye and PMI-
labeled PS) were therefore excited by HeNe laser at 543 nm and the emission was 
collected after filtering with a BP560-615 band pass filter. For detection, an avalanche 
photodiode enabling single-photon counting was used. The average photon count rate was 
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kept at around 20 kHz. An eight-well, glass chamber (Helma, Germany) shown in figure 
2.9 was used as sample cell for the polymer/acetophenone solutions. This chamber has a 
bottom slide with high optical quality surface and thickness of 0.17 mm. To prevent 
evaporation of the organic solvent during the experiments, the sample chamber was 
covered with a thin glass slide. For each solution, series of 20 measurements with total 
duration 10 min were performed. The final results were obtained as an average of 3 - 4 
experiments performed with different sample loading and preparing. 
 
Figure 2.9 Microscope glass chamber with 8-well from Hellma, Germany. 
 
Polymer melts 
For the polymer melts studies, two different dyes, TDI and PMI, which show 
different absorption and fluorescence emission spectra (figure 2.6 (a) and (b)) were used 
as tracers. The terrylene dye was excited by a HeNe laser at 633 nm and the emission was 
collected after filtering with LP650 long pass filter. In the case of perylene dye, I used 
Ar+ laser (488 nm) for excitation and the emission was collected after filtering with a 
BP530-600 band pass filter. The average photon count rate was kept at around 20-40 kHz.  
To study the temperature dependence of tracer diffusion with FCS, a special sample 
chamber was equipped. An Attofluor cell chamber (Invitrogen, Leiden, The Netherlands) 
with a microscope glass slide, with diameter of 25 mm and thickness of 0.15 mm was 
used as a sample cell. To improve temperature control, the additional house-made 
stainless steel ring with opened cell diameter of 7-8 mm was mutually used with an 
Attofluor chamber (figure 2.10). For temperature control, the Linkam PE94 temperature 
control system (Linkam, Surrey, UK) was mounted on the microscope. A thermal couple 
wire was immersed in the sample to measure the actual temperature. During FCS 
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measurements, temperature (T) was kept constant (<±0.5°C).  The assembly of all 
equipments on the microscope is shown in figure 2.11. 
 
 
Figure 2.10 Attofluor cell chamber with additional stainless steel ring. 
 
Attofluor chamber 
Glass slide (0.15 mm thick) Thermocouple 
(wire) 
 
Figure 2.11 Assembly of the temperature control system on the microscopy. 
 
For each sample, measurements with total duration of 10 - 60 min were performed. The 
final results were obtained as an average of 3 - 4 experiments performed with different 
sample loading. To avoid malfunction of the objective, the studied temperature was 
allowed to range from 5 to 50°C with this experimental setup. 
For FCS measurements, the combination of the refractive indices of sample, glass slide, 
immersion liquid, etc., plays a vital role to the size of the observation volume. For normal 
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setting all combinations do not change significantly, however the temperature study can 
influence the change in refractive indices of polymer and immersion oil. From the 
supplier (Zeiss, Germany) information, the refractive index of oil immersion liquid 
changes around 0.00037 for ΔT = 1°C.  If the temperature changes for 25°C the refractive 
index will change less than 1%. In the same way, the refractive index of melt polymer 
could change less than 1% for changing temperature for 25°C  The observation volume 
for the whole measurement might contain an error, however it is insignificant when 
compare to the statistical error from the FCS data within the same setting, which is 
normally +/-5%.  
Swollen x-linked polystyrene bead 
In this study with the presence of PDI dye, the Ar+488 was selected as an 
excitation laser and the emission was collected after filtering with a BP530-600 band pass 
filter. To identify the position of the bead, the FCS measurement inside the swollen bead 
required an additional step which was laser scanning microscopy (LSM). The laser 
scanning was performed with the same Ar+488 as excitation and the LP505 as the 
fluorescence emission filter.  
Silica inverse opals 
Similar to PS bead study for the PDI dye and Alexa fluor 488, the Ar+488 was 
selected as an excitation laser and the emission was collected after filtering with a BP530-
600 band pass filter. Since the opal layer was relatively thin, some cracks and defects 
which had no opal layers were observed. Therefore prior to FCS measurement, the laser 
scanning microscope (LSM) was performed to indicate the position of the layer, with the 
same Ar+488 as excitation and the LP505 as the fluorescence emission filter.  
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2.2 Dynamic light scattering (DLS) 
2.2.1 Introduction to DLS 
Dynamic light scattering (DLS), also known as Photon correlation spectroscopy, 
is a powerful technique used to determine diffusion coefficient and the size distribution of 
small particles in a solution. The method is based on the fact that when small particles are 
illuminated by a laser, the intensity of the scattered light fluctuates at a rate that depends 
on the size and the motion of the particles. In solution, solute particles exhibit random 
motion caused by thermal density fluctuation of the solvent. The temporal change of 
particle position gives rise to the interference pattern of the scattering intensity, which is 
changing with time and reflecting the Brownian motion of the scattering particle. In DLS 
experiment this phenomenon allows a quantitative measurement for the mobility of 
scattering particles in solution, characterized by self-diffusion coefficient D, which can be 
related to hydrodynamic radius R by Stokes-Einstein (SE) equation, D ~ R-1. A typical 
DLS setup is shown in figure 2.12, where the detector angle θ located at 173° is shown as 
an example. 
    
Figure 2.12 A typical light scatting setup[79] showing its six main components: 
(1) laser; (2) sample cell; (3) detector; (4) attenuator; (5) correlator; and (6) 
computer. 
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The scattering intensity fluctuation is usually written as a function of scattering vector q 
and decay time τ, i.e. I(q,τ).  The scattering vector qv  is defined as the difference of wave 
vector of the incident light k0
v
and the scattered light k
v
with the scattering angle θ, as 




=2π/λ and therefore, 










Figure 2.13 Sketch of the definition of the scattering vector, 0kkq
v vv −= . 
 
To quantitatively examine the particle motion, the scattering intensity fluctuation I(q,t) 
can be expressed in term of correlation functions. The amplitude autocorrelation function, 
g1(q,τ), relating to the dynamics information of the particle, can be written as,[80]  
g  (q,τ) = exp (-Dq τ) = 1 2 1),(2 −τqg         (2-9) 
where g2(q,τ) is the normalized correlation (equation 2-10), of which dependence on τ 






qg τ = τ+      (2-10) 
For a monodisperse sample, g1(q,τ) exhibits a single exponential decay with the decay 
rate Γ, Γ=Dq², where D is diffusion coefficient. The diffusion coefficient, and therefore R 
can be directly determined by DLS. Since in concentrated solutions the interaction 
between scattering particles shows strong influence on the mobility, the descriptions 
presented so far are valid only in case of very dilute solution. It should be noted here that 
using the polarization of incident and scattered light, namely depolarized DLS, allows the 
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study of rotational motion of anisotropic scattering particles, like nanorods, cylindrical 
micelles, which is however beyond the scope in this study. 
In this work, DLS was selected as a classical method for calibration of the observation 
volume in FCS technique, as mentioned in FCS part. It was utilized to determine the 
diffusion coefficient of labeled and unlabeled polystyrene samples, of which the 
hydrodynamic radius can be simply accessed by the DLS experiment. The sample 
preparation and experimental setup are described below. 
 
2.2.2 Materials and preparations 
For calibration of the observation volume in FCS techniques, labeled polystyrene, 
PSL, with Mw of 255 and 340 were selected. In DLS measurement, these two polymers 
were dissolved in the selected solvent, which can be acetophenone, toluene, or THF, with 
the concentration in dilute or unentangled regime. To study the effect of labeling dyes on 
the polymer dynamics in the solutions, unlabeled polystyrene (in-house synthesis) with 
various Mw dissolved in acetophenone were selected, where the concentrations were 
retained in dilute regime. The concentration of polystyrene in acetophenone solutions for 
DLS measurements are shown in the table 2.4. To remove unwanted particles that can 
contribute to the scattered intensity, such as dust or aggregated particles, prior to the DLS 
measurement each sample was filtered directly into the cylindrical cell through 0.45 µm 
membrane filters (Millipore). The final concentration, therefore, might be deviated from 
the originally prepared sample. However all measurements were done within the 
condition of dilute regime (plateau regime), where diffusion coefficients are 
independence on polymer concentration.  
Table 2.4 Polystyrene in acetophenone solutions for DLS measurements. 
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2.2.3 DLS experimental setup 
Dynamic light scattering experiments were carried out in the angular range 30o 
<θ< 150o using a commercial instrument (ALV-5000, ALV-GmbH, Langen, Germany). 
A Kr-ion laser was used as a light source (λ = 647.1 nm). A cylindrical cell having an 
inner diameter of 18 mm was placed in a thermostatic bath. All experiments were 
performed at room temperature (T=25°C) and value of viscosity, η=1.62, 0.58 and 0.46 
mPa.s for acetophenone, toluene and THF, were used to calculate the respective 
hydrodynamic radii from SE equation.  
 
2.3 Dielectric spectroscopy (DS) 
2.3.1 Introduction to DS 
Dielectric spectroscopy (DS) is a powerful technique for investigating dielectric 
properties of a medium as a function of frequency. The measurement is based on the 
interaction of an external field with the electric dipole moment of the sample, as 
expressed by permittivity. Permittivity or electric permittivity ε is a physical quantity 
describing the ability of a material to transmit the electric field, E. For small electric field 
strengths, the dielectric displacement D can be expressed by D = ε*ε0E, where ε0 is the 
dielectric permittivity of vacuum (ε0 = 8.854 x 10-12 AsV-1m-1), and ε* is the complex 
dielectric permittivity.[81] For a periodic electric field, E(t) = E0 exp(-iωt), where ω is 
angular frequency (ω=2πν, ν is frequency of electric field.), the complex dielectric 
function ε* in defined as 
ε*(ω) = ε′(ω) - iε′′(ω)             (2-11) 
where ε’(ω) is the real part and ε”(ω) is the imaginary part of the complex dielectric. The 
complex dielectric function ε*(ω) can be measured in broad frequency regime ranging 
from 10-6 Hz up to 1012 Hz. To cover the very broad frequency domain, the difference 
systems based on difference measurement techniques have to be combined.[81] 
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The measurement of ε*(ω) can reveal many processes in the material under the external 
electric field. One of the most important applications of dielectric spectroscopy is to 
investigate the relaxation processes which are originated from microscopic fluctuation of 
the molecular dipoles. Such dynamics can be obtained by analyzing the dielectric 
function. If the frequency of the applied field corresponds to the reorientation time of the 
molecular dipoles, the characteristic patterns or spectra of ε∗(ω) will be displayed. A peak 
in imaginary part ε” (dielectric loss) and step-like decrease of real part ε’ (dielectric 
storage) with increasing frequency reveal relaxation processes in the material, as shown 
in figure 2.14. The frequency at maximum loss νp is related to the relaxation rate ωp = 




Figure 2.14 Schematic curves of real and imaginary parts of complex dielectric 
function with the angular frequency for a relaxation process at ωp =1/ τp. 
 
Dielectric relaxation processes are analyzed by using a model function. A general model 
for dielectric function was introduced by Havriliak and Negami written as[82] 
( ) ( )[ ] ωεσωτεεωε α 001* ii γ HN ++
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where ε∞ is the high-frequency permittivity, τHN is the characteristic relaxation time, and 
σ0 is the dc-conductivity. ∆ε is the dielectric relaxation strength of the process under 
investigation, which can be determined either from the area under the loss peak or from 
the step change in ε’(ω), Δε= εs - ε∞, as schematically shown in figure 2.14. The fraction 
shape parameters α and γ describe the symmetric and asymmetric broadening of the 
complex dielectric function, respectively, with limits 0 < α, αγ ≤ 1.  
 
2.3.2 Materials and experimental setup 
In this work, the studies of relaxation time were done only for PI-3.5, PI-22 and 
PDMS-65. The samples were used as received. Frequency- and temperature dependent 
dielectric measurements were performed using an experimental setup of Novocontrol. 
The system was equipped with an Alpha high-resolution dielectric analyzer and 
temperature controller Quatro version 4.0. The samples were sandwiched between two 
brass discs with diameters of 20 mm, forming a flat parallel plate capacitor with thickness 
of 50 µm, which was maintained by Teflon strips used as spacers between the electrodes. 
The value of ac voltage applied to the capacitor was equal to 1 V. Temperature was 
controlled using a nitrogen gas cryostat, and the temperature stability of the sample was 
better than 0.1 K. The dielectric constant ε*(ω) = ε′(ω) - iε′′(ω) measured  in the 
frequency range from 0.01 Hz to 1 MHz was represented by the empirical Havriliak and 
Negami equation  (equation 2-12),  
 
2.4 Dynamic mechanical analysis (DMA) 
2.4.1 Introduction to DMA 
Dynamic mechanical analysis (DMA), sometimes called dynamic mechanical 
spectroscopy, is a technique for material characterization by investigating the viscoelastic 
properties (in term of deformation or flow behaviors) of the materials. DMA is also one 
of the most well-known techniques for monitoring relaxation processes in polymers. The 
technique is based on applying force to a sample and measuring the resulting 
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displacement (or vice versa). The sample can be mounted on various test geometries, 
depending on the sample state as shown in figure 2.15.  
 
(a) (b) (c) (d) 
Figure 2.15 Test geometries for different states of samples: (a) plate-plate and (b) 
cone-plate for melt state samples, (c) rectangular bars for solid state samples and 
(d) coquette for low viscosity samples or solutions. 
 
Most commonly sinusoidal shear strain is applied on the sample: 
γ(t) =γ0 sin (ωt)        (2-13) 
where γ is strain at time t and γ0 is the amplitude strain, and ω is oscillation frequency. 
The resulting stress σ(t), measured by a force transducer can be used to determine the 
viscoelastic properties of the material.  
σ(t) = σ0 sin (ωt+δ)       (2-14) 
where σ0 is the amplitude of stress, and δ is phase shift from the applied strain. For pure 
elastic material (spring-like), the stress will be in phase with the strain. For pure viscous 
material, the stress will be 90° out of phase with the strain. Most polymers are classified 
as viscoelastic; the phase shift δ will be between 0° and 90. All types of response strain 
are shown in figure 2.16 
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γ σ0 δ 0
 
Figure 2.16 Time profile of (blue dashed lines) stress responses from (solid lines) 
applied oscillatory shear strain in case of (a) purely elastic material, (b) purely 
viscous material, and (c) real material (viscoelastic) with different phase shifts. 
 
The relation between shear strain and shear stress can be described through the shear 
modulus G which is defined as σ/γ. The equation 2-14 can be written as 
σ(t) = γ0 [G’(ω) sin(ωt) + G”(ω) cos(ωt)]     (2-15) 
where     








σ  sin(δ)    (2-16) 
The storage G’ and loss G’’ moduli can be also written in the complex form, G* = 
G’+iG”. Another useful parameter is the ratio of loss and storage moduli, G”/G’, so 
called tan δ.  
In order to reveal and analyze the relaxation processes in a polymer system, typically the 
frequency dependences of G’ and G” are measured. As common rheometers offer rather 
limited frequency range (0.001 to 500 rad/s), the so-called time-temperature superposition 
principle is used to extend the frequency range. This is done by performing several 
measurements at different temperatures and within the same frequency range, normally 
0.01 -100 rad/s. Then one of these temperatures is selected as a reference Tref. The other 
measurements are shifted along the frequency axis until overlapping with the adjacent 
temperature. The measurements at higher temperature than Tref are shifted to lower 
frequency and vice versa. The distance (frequency) for the shifting is defined as shift 
(a)  δ = 0° (in phase)  (b)  δ = 90°   (c)  0 < δ  < 90°   
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factor (aT), which is a function of temperature, known as William-Landel-Ferry equation 








1 )(log             (2-17) 
where c1 and c2 are constants, depending on materials and reference temperature. For 
typical polymers, if the reference temperature is Tg, c1 ~ 17.4 and c2 ~ 51.6K.[83] The so 
called Vogel temperature or ideal glass transition temperature can be defined as T0 =Tg-c2.   
Typical master curve for polyisoprene with Mw of 22 kg/mol is shown as example in 
figure 2.17. 
























Figure 2.17 Example master curves of linear PI with Mw of 22 kg/mol. 
 
Three distinct regions can be observed in the master curve. At very high frequencies (or 
low temperatures) the polymer is in its so called glassy state, where both moduli have 
very big values and G’>G”. On the other side of the spectra, i.e. at very low frequencies 
(high temperature) polymer flow region is observed, in which G”>G’ and both moduli 
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have rather small values. At frequencies between the glassy and the flow region, the 
polymer is in its rubbery state or so called viscoelastic state. This region is usually 
described as a plateau region due to very small increase of both moduli with the 
increasing frequency. The plateau region becomes obvious when the molecular weight of 
polymer is beyond the entanglement molecular weight (Mw>Me).  
The segmental relaxation and chain relaxation times of the polymer at the reference 
temperature for which the master curve is constructed, can be determined from the 
frequencies at which G’=G” through τs =1/ωs and τc =1/ωc respectively. (see figure 2.17.) 
Furthermore, the temperature dependence of τs and τc can be also determined simply by 
scaling with the shift factor aT(T). 
 
2.4.2 Materials and experimental setup 
In this work, I employed DMA to determine the segmental and chain relaxation 
process in linear polyisoprene (PI-22) and 3-arm star polyisoprene (SPI-10 and SPI-29). 
All materials were used as received. The experiments of DMA were performed on an 
ARES rheometer (Rheometric Scientific, USA) under the Nitrogen (N2) atmosphere. The 
sample was put between two parallel plates, with diameter of 6 mm and sample thickness 
was around 1 mm. The isothermal frequency sweep test, with the frequency range of 0.1 -
100 rad/s, was performed at various temperatures aiming to construct a master curve. The 
temperature of 215K (or -58°C) was selected as a reference. The temperature was varied 
from 212K to 313K (the maximum temperature was depended on the sample). The 
deformation amplitude, which was varied with the temperature, was kept within the linear 
response regime. The schematic picture of DMA experiment is shown in figure 2.18. 
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Figure 2.18 Schematic picture of dynamic mechanical experiment. The 
deformation Df(t) (shear strain), is applied by the motor and the torque F(t), 
response stress, is measured by the force transducer. The sample is placed 
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CHAPTER 3 
Tracer diffusions in polymer solutions 
 
In this chapter, I describe how FCS was utilized to measure molecular and 
polymeric tracer diffusion in polystyrene (PS) solutions. The main aim of this chapter is 
to examine our FCS setup and the calibration method by comparing the results to the 
existing data in literatures. First I illustrate the small molecular tracer diffusion in 
polymer solution with different matrix Mw, concentrations, and solvents. Second I 
investigate the self-diffusion of polymer in solution and the diffusion of polymer with 
lower Mw than the matrix, resembling the growing polymer chains in polymerization 
process. Eventually I emphasize one of the unique features of FCS, i.e. diffusion of 
species with different sizes simultaneously. Figure 3.1 presented cartoons of the studied 
systems.  
As a tracer I used a functionalized perylene dye (PMI) and three polystyrene batches with 
different molecular weights (Mw ~ 34, 255 and 340 kg/mol) labeled with the same PMI 
dye. The structure of the dye and labeling procedures were described in chapter 2. While 
most of the previous FCS studies of PS diffusion were performed on toluene solutions,[3, 5, 
7, 11] here I mainly used acetophenone as a solvent. The reason for this is twofold.  First, 
recent studies on microstructures fabrication[84, 85] by inkjet drop deposition of solvents on 
polystyrene substrates have shown that the shape of the microstructures can strongly 
depend on the applied solvent, e.g. toluene or acetophenone. For better understanding and 
modeling of the processes that take place during the microstructure formation a good 
knowledge of the PS diffusion coefficient and its concentration dependence in both 
solvents is required. Second, acetophenone, a good solvent for polystyrene like toluene, 
has much lower vapor pressure that facilitates the FCS measurements. 
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(c) (b) 
(a) 
Polymer B (Labeled) 




Figure 3.1 Studied systems: (a) dyes in polymer solution, (b) labeled polymers in 
polymer solution, and (c) multi-tracer [dye and 2 different Mw labeled polymers] 
in polymer solution. 
 
3.1 Calibration of FCS observation volume in polymer solutions  
To obtain the absolute value of the diffusion coefficient, the calibration of the FCS 
observation volume must be initially done. Here the calibration was done with the same 
approach as proposed in the literature,[5] described in chapter 2. Firstly I selected two 
batches of labeled polystyrene with relatively high Mw dissolved in a chosen solvent 
which can be simply measured by dynamic light scattering (DLS) and adequately 
measured by FCS. 
First the DLS setup described in the experimental section was used to measure the 
diffusion coefficients of PSL-255 and PSL-340 in pure acetophenone at concentrations less 
than 10-3 g/ml, yielding 255−LPSD  = 8.9x10
-8 cm2/s and 340−LPSD  = 7.4x10
-8 cm2/s, 
respectively. Then FCS experiments were performed with the same solutions, yielding 
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diffusion times of 255−LPSτ  = 1365 µs and 340−LPSτ  = 1700 µs. Figure 3.2 (a) and (b) 
illustrate the diffusion time from the FCS autocorrelation curve and diffusion coefficient 
from DLS of PSL-255 in acetophenone solution (c ~ 10-3 g/ml), respectively. Based on 
these data, I use equation 2-8 (Di = r02/4τi) to calculate r0, yielding r0 ~ 0.22µm.  
The observation volume depends also on the refractive index of the sample. The 
refractive indices of polystyrene (solid) and acetophenone at 25°C are 1.589 and 1.534, 
respectively, which are rather close. The increment of refractive index with the 
concentration, dn/dc, therefore would be negligible. In this case the effect of refractive 
index changed by PS concentration on the observation volume can be also discarded. 
Therefore in all FCS measurements in this chapter, I use the same value of r0 (0.22 µm) to 
calculate the diffusion coefficients of the tracers from the respective experimental 
diffusion times.  
For comparison the diffusion coefficients of several unlabeled PS with various Mw in 
dilute acetophenone solutions (c ~ 10-3 g/ml) were also studied by DLS. The molecular 
weight dependence of the diffusion coefficients for both labeled and unlabeled PS is 
shown in figure 3.3.  Considering the diffusion data of unlabeled PS and two large labeled 
PS (PSL-255 and PSL-340), the plot conforms a single power law, D ~ Mw-0.6 cm2/s. This 
demonstrates that the fluorescence labeling does not influence the natural diffusion of 
polystyrene chains. Furthermore the value of the exponent ν ~ -0.6 is in a good agreement 
with the predicting scaling for the polymer self-diffusion in a dilute solution for a good 
solvent. 
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τD = 1365 µs
(a)


















Figure 3.2 FCS and DLS results for r0 calibration; (a) the normalized 
autocorrelation curve of diluted PSL-255 in acetophenone solution from FCS and 
(b) the diffusion coefficient of PSL-255 in acetophenone (c ~ 10-3 g/ml) from 
DLS. 
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Figure 3.3 Diffusion coefficients of (?) labeled and (?) unlabeled polystyrenes 
with different molecular weights measured by DLS. 
 
3.2 Small tracer diffusion in polymer solutions 
3.2.1 Autocorrelation curves of small tracer diffusion  
Here I demonstrate the study of the PMI dye diffusion in PS/acetophenone 
solutions over a very broad range of matrix PS concentrations, up to c=0.44g/ml. The 
normalized autocorrelation curves of PMI in PS-220/acetophenone solution at different 
concentration along with the representations by equation 2-5 with single component 
(m=1) are shown in figure 3.4. The diffusion time τPMI ranges from about 60 μs in the 
dilute regime up to 1100 μs at the highest concentration. The diffusion coefficients D(c) 
at different PS concentration are then computed by equation 2-8. The autocorrelation 
function also allows to calculate the mean square displacement (MSD) <Δr2(t)> as 
expressed by equation 2-7 in chapter 2. The inset in figure 3.4 displays <Δr2(t)> vs. t in a 
log-log plot with slope 1 for all examined matrix concentrations indicating a random 
Brownian diffusion. In entangled network, the small dyes still move with random motion, 
just with slower rate. The displacement is also reduced with the increasing polymer 
concentration. 
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Figure 3.4 Normalized correlation functions of PMI dye in PS-220/acetophenone 
solution with PS concentration (in g/ml) of: (?) 0, (?) 0.01, (?) 0.17, (?) 0.34, 
(?) 0.44. Dashed lines denote the fits of equation 2-5 to the experimental data. 
The corresponding MSD vs. time are shown in a log-log plot in the inset. 
 
3.2.2 Effects of concentration, matrix Mw, and solvent on small tracer diffusion  
From the diffusion times by fitting autocorrelation curves, the diffusion 
coefficients of PMI dye in acetophenone can be calculated.  The diffusion coefficients of 
PMI dye in PS/acetophenone solutions exhibit a constant value in dilute concentration 
regime, and start decreasing at c ~ 0.03 g/ml. The dependence of concentration is found to 
be independence of PS matrix Mw, which are 110, 220, and 450 kg/mol, as shown in 
figure 3.5. Although acetophenone is non volatile solvent which facilitates the FCS 
studies, it is rarely found in the literatures of tracer diffusion studies. Subsequently I 
repeated the PMI diffusion study in toluene, which is a common solvent for polystyrene.  
In figure 3.5, for the whole range of PS concentration, PMI dyes in toluene exhibit faster 
diffusion rate than in acetophenone. Nevertheless both curves become superimposed (see 
figure 3.6), when normalizing with D0 (D at low polymer concentration) to eliminate 
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effect of solvent viscosity; D0 = 2.1 x 10-6 and 7.3x10-6 cm2/s is the diffusion coefficient 
of PMI in acetophenone and toluene, respectively. Therefore the difference of small tracer 
diffusion in these two systems is simply caused by the solvent viscosity. 












Figure 3.5 Diffusion coefficients of PMI dye in (?) PS-110, (?) PS-220 and 
(?) PS-450 in acetophenone, (?) PMI in PS-220 in toluene. 
 
The normalized diffusion coefficient, D/D0, vs. matrix PS concentration is shown in 
figure 3.6.  At low c the diffusion coefficient is virtually constant for the matrix Mw,m  in 
the entire range 110-450 kg/mol.  Changing the acetophenone with another good solvent 
for PS does not alter this behavior as shown by the PMI diffusion data in PS-220 in 
toluene solutions. Hence, the results in figure 3.6 present a general trend which is 
independent of the matrix molecular weight and not solvent specific. Such type of 
“master curves” are commonly represented either polynomial[36, 86] or exponential[10, 47] 
function. The experimental data in figure 3.6 can be nicely fitted with both, yielding D/D0 
= 1-5.0c+8.9c2-5.5c3 or D/D0 = exp(-9.9c1.35). This lack of polymer specificity clearly 
shows that the D of small tracers (R ~ 0.53 nm) does not relate to the mesh size ξ of the 
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polymer network which for good solvents scales with (c/c*)-3/4 with c* being the 
crossover concentration to semidilute solution, i.e. molecular weight dependence.  











Figure 3.6 Normalized diffusion coefficients of various small molecules in PS 
solution; PMI in (?) PS-110, (?) PS-220 and (?)PS-450 in acetophenone, (?) 
PMI in PS-220/toluene, (?) hexafluorobenzene in PS(10k-1000k)/THF[23], (?) 
Rh6G in PNIPAAM/ethanol[8], and (?) anthracene in PS-50/THF[36]. The dashed 
line represents the fitting (----) polynomial and (----) exponential function. 
 
The plot of figure 3.6 can accommodate reported diffusion coefficients for similar 
systems obtained by different experimental techniques.[8, 23, 36] Meerwall et al.[23] studied 
the diffusion of hexafluorobenzene in PS (10k to 1000k)/THF solutions by pulsed field 
gradient spin-echo NMR. Similar to our results they found that the diffusion of a small 
probe was independent of the matrix sizes.[23, 36] More recently Chekal and Torkelson[46] 
reported similar behavior for a styrene monomer diffusing in PS solutions down to a 
matrix PS molecular weight Mw of 1300 g/mol. The present FCS data in figure 3.6 are in 
very good agreement with the literature results establishing the scaling D/D0 vs c (and not 
c/c*) for the normalized diffusion of small probes in various polymer/good solvent 
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systems. The polymeric nature of the matrix expressed in the crossover concentration 
does not affect the small probe behavior. Instead it is only the crowding effect of the 
environment molecules that reduces the diffusion rate of the small probes in such 
solution.  
 
3.3 Polymeric tracer diffusion in polymer solutions 
3.3.1 Autocorrelation curves of polymeric tracer diffusion  
This section reveals the study of the diffusion of three polystyrene tracers 
fluorescently labeled with PMI dye: PSL-34, PSL-255, and PSL-340, in unlabeled PS 
matrices in acetophenone for various matrix molecular weights Mw,m and concentrations 
c. The normalized autocorrelation curves for the PSL-34 in PS-220 at several matrix 
concentrations are displayed in figure 3.7 (a). As discussed in chapter 2 the excess of PMI 
from the fluorescently labeled PS samples was not completely removed and therefore the 
autocorrelation curves shown in figure 3.7 represent the diffusions of both PSL-34 and 
free PMI dye. That is why a second component (m=2) should be added in the fit of the 
correlation function (equation 2-5) to the experimental G(t). Solid lines in figure 3.7 (a) 
show that such two-component fits describe very well the measured data. Moreover the 
decay time of the fast component obtained from the fits is well compared with the τPMI(c) 
of the free dye at different matrix concentrations as reported in the previous section. From 
fitting autocorrelation curves, the fraction of PMI dye are relatively constant, f2 ~ 7-10 %, 
in all concentrations. 
As mentioned in chapter 2 the autocorrelation data allows the calculation of the MSD of 
fluorescence species in the sample. In figure 3.7 (b) the MSD of mutual two fluorescence 
species (PSL-34 and PMI) present the slope of one at low PS concentration and start 
deviating at higher concentrations. Originally the function for MSD calculation (equation 
2-7) is derived from single component diffusion in the observation volume. Here I apply 
this equation with two-component system, nevertheless; it can nicely reveal the diffusion 
behaviors of both components with two distinctive diffusion times. In dilute 
concentration, the MSD plot exhibits similarly to the single component with slope of 1, 
resulting from the close diffusion times of both components. Upon increasing the matrix 
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concentration the diffusion times of dye and polymeric tracer are more distinguishable, 
resulting in more deviated slope. This deviation should not be the influence of nonrandom 
motion. It is rather the transition slope from the displacement of freely motion of small 
component at lower time scale to the large component at high time scale. Such a 
transition is obviously seen at the higher concentration.  














t (s)  
(a) 



















Figure 3.7 (a) Normalized autocorrelation functions of PSL-34 in PS-
220/acetophenone solutions with PS-220 concentration of (?) 0, (?) 0.10, (?) 
0.17, and (?) 0.23 g/ml and solid lines show the fitting curves. (b) The mean 
square displacement at these concentrations (with the same symbols for each 
concentration). 
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At the short time scale the curve shows slope of one and starts deviating after t 
approximately equals to the diffusion time of PMI dye at each concentration. Then the 
slope becomes one again at long time scale, corresponding to the polymer diffusion time. 
These results imply that both components (PSL -34 and PMI dye) exhibit random 
Brownian motion just in different time scales. 
FCS is here verified to determine the diffusion times and fractions of both tracers in a 
single experiment. Hence for polymeric tracers with the excess dye the fit function with 
2-component is used and the diffusion time τPMI(c) of dye obtained from previous section 
is fixed. Applying such a 2-component fitting procedure for all polymeric tracers, the 
diffusion coefficients of PSL-34, PSL-255, and PSL-340 at zero matrix concentration (in 
pure acetophenone), D0, amount to 2.5x10-7, 8.9x10-8 and 7.4x10-8 cm2/s, respectively.  
 
3.3.2 Self-diffusion in polymer solutions 
The polymeric tracer diffusion in the same molecular weight matrix (unlabeled 
polymer) is called self-diffusion, which has been well understood for years for 
polystyrene in a good solvent, i.e. toluene, THF.[5, 7, 11, 22-27, 31, 46, 87] Firstly, the self-
diffusion, Ds, dependence of concentration for polystyrene with Mw of 255k (PSL-255) in 
the unlabeled polystyrene (PS-220) was determined by FCS.  
The concentration dependence of self-diffusion coefficient, Ds(c) is shown in figure 3.8 
with the two reference slopes (-0.5 and -1.75) from scaling concept[21, 29] and fitting with 
stretched exponential or Phillies equation[27, 28]; Ds = D0 exp(-αcu). The curve follows the 
scaling concept illustrating by Ds ~ c-0.5 at the transition from dilute to semidilute (c ≅ c*), 
where c* is the overlapping concentration (c* ~ 0.015 g/ml for PS-220), and Ds ~ c-1.75 in 
semidilute regime (c > c*). The fitting of Phillies equation yields the parameter α = 18.5 
and u = 0.84. The parameters obtained from the fit are fairly close to that was observed by 
Phillies G. for self-diffusion of PS with Mw of 360 kg/mol, i.e. α = 16 and u = 0.75.[27] 
The good agreement results with literature reports imply that FCS can be satisfactorily 
employed to determined diffusion behaviors of polymeric probes in polymer matrices. 
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D = 9x10-8 exp(-18.5c0.84)
-0.5
 
Figure 3.8 Concentration dependence of self-diffusion of PS in acetophenone 
(Mw ~ 220 kg/mol) with two reference slopes referred to Ds ~ c-0.5 at c ≅ c* and 
Ds ~ c-1.75 at c>c*, where c*~ 0.015 g/ml. The dashed line shows fitting curve 
according to Phillies equation. 
 
3.3.3 Effects of polymer matrix Mw,m on polymeric tracer diffusion 
Here the influence of the matrix size on the diffusion of the polymer tracers was 
studied, by selecting a polymeric probe with a particular Mw,p and varying the matrix 
polymer Mw,m. PSL-255 was selected as a polymeric tracer and PS with four different Mw,m 
dissolved in acetophenone were selected as matrices. The systems are shown in Table 3.1.  
Table 3.1 Studied systems for the matrix Mw,m effect. 
Probe Mw,p (kg/mol) Matrix Mw,m (kg/mol) Mw,m/Mw,p
255 110 0.4 
255 220 0.9 
255 450 1.8 
255 1700 6.7 
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Figure 3.9 shows the diffusion coefficients of PSL-255 as a function of the matrix PS 
concentrations in four different Mw,m. The  decreases with increasing the matrix 




w,m. At a given matrix concentration, when the Mw,m exceeds around 5 times of the Mw,p, 
the polymer probe diffusion becomes independent of Mw,m, as shown in the inset of figure 
3.9, at c ~ 0.1 g/ml. This finding is in agreement with earlier works which showed that the 
probe diffusion would no longer depend on the matrix molecular weight when the Mw,m 
was 3 -5 times larger than Mw,p.[26, 31]  






















At c = 0.1 g/ml
 
Figure 3.9 Dependence of the diffusion coefficient of PSL-255 (Mw,p =255k) on 
the matrix polymer concentration for various matrix molecular weights: (?) Mw,m 
=110k, (?) Mw,m =220k, (?) Mw,m =450k, (?) Mw,m =1700k. Inset: diffusion 
coefficient of PSL-255 at c = 0.1 g/ml versus matrix molecular weight. 
 
3.3.4 Effects of polymeric tracer Mw,p in polymer solutions (when Mw,m ≥ 5Mw,p) 
From above section, in order to discuss effect of probe size on the concentration 
dependence of the polymeric tracer diffusion, I selected three polymeric probes in 
matrices where Mw,m ≥ 5Mw,p, in acetophenone solutions as tabulated in table 3.2.  
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Table 3.2 Studied systems for Mw,p effect. 
Probe Mw,p (kg/mol) Matrix Mw,m (kg/mol) Mw,m/Mw,p
34 220 6.5 
255 1700 6.7 
340 1700 5.0 
 
Figure 3.10 depicts the dependence of the diffusion coefficients of the three tracers on the 
matrix concentration. At low concentrations, D is virtually c-independent and D(c=0) 
depends only on Mw,p as realized in the normalized plot  D(c)/D(c=0) for PSL-34 and PSL-
340 which eliminates this Mw,p dependence (inset to figure 3.10).  























Figure 3.10 Diffusion coefficients of labeled polystyrene in acetophenone, where 
Mw,p ≥ 5Mw,p; (?)PSL-34 in PS-220, (?)PSL-255 in PS-1700, (?)PSL-340 in PS-
1700. Inset: normalized diffusion coefficients of PSL-34 and PSL-340 plotted as a 
function of the matrix concentration. Dashed lines indicate the fits by Phillies 
equation. 
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Although the implicit Mw,p dependence is eliminated and the effect of Mw,m is weak (Mw,m 
≥ 5Mw,p), the slowing down of  the diffusion coefficients of PSL-34 and PSL-340 at high 
matrix concentrations is still rather different. This behavior reflects the different self-
diffusion mechanisms in dilute and nondilute polymer solutions. The polymeric tracer 
will fill the polymer matrix (Mw,m ≥ 5Mw,p) at a matrix concentration c, at which its mesh 
size ξm  reaches the diffusant size (~Rg,p), i.e. at the overlap concentration of a virtual 











      (3-1) 
where the radius of gyration of the probe, Rg,p ≈ 1.3Rh,p for polystyrene in a good 
solvent[54] and the probe’s hydrodynamic radius is given by Rh,p=kT/6πηD(c=0). Cartoons 
of polymeric probe at each boundary of the matrix concentration are shown in figure 3.11. 
Starting from c < cm* and cp*, the probe and matrix have enough free space to move 
freely. At c = cm*, the matrix chains start overlapping but the probe molecules still have 
enough space for non-overlapping motion. Ultimately when c = cp*, the entangled matrix 
chains start overlapping with the small polymer chains and the restriction could behave 
similarly as found in self-diffusion at semidilute condition (c≥c*). 
 
 
                (a)   c < cm* and cp*  (b) c = cm*, < cp*        (c)   c = cp* , > cm* 
Figure 3.11 Schematic drawing of probe (Mw,m ≥ 5Mw,p) in each matrix 
concentration starting from (a) dilute matrix concentration, (b) c = c* of matrix, 
cm*, and (c) c = c* of probe, cp*. 
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In this case, a plot of the normalized D(c)/D(c=0) versus (c/cp*) should lead to a 
successful superposition of the data for different tracer/matrix pairs. Indeed, such 
presentation of probe diffusion coefficients versus (c/cp*) renders the data for all 3 
polymeric probes to an overlapping plot as shown in figure 3.12. This single “master 
curve” implies that the tracer diffusion shows a self-diffusion behavior with concentration 
dependence predicted by scaling concepts,[21, 29] i.e. slopes -0.5 and -1.75 respectively in 
the transition (from dilute to semidilute) and semidilute regimes, always referred to cp*. 













Figure 3.12 Normalized diffusion coefficients of all polymer probes plotted vs. 
c/cp*, where symbols are similar to figure 3.10. Solid lines indicate the slopes of 
-0.5 and -1.75 from scaling concepts whereas the dashed line is describes the 
empirical equation D/D0 = exp[-0.84(c/cp*)0.74]. 
 
The normalized diffusion data of figure 3.12 can be represented by a modified version of 
the exponential concentration dependence;  
      (3-2) ))(c/cexp(-D D p 0 α= u*
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with the values of α=0.84±0.03 and u=0.74±0.04 .The initially proposed[27, 28] exponential 
equation: 
 D = D0 exp(-α'cu)     (3-3) 
where α' (=α/(cp*)u) is proportional to the  polymer size and the exponent u accounts for 
the interactions (topological) with the environment, also describes the diffusion data for 
the different polymeric tracers in the inset of figure 3.10 (dashed lines). The data shown 
in the inset of figure 3.10 can be fitted with equation 3-3 using u = 0.74 for both 
polymers, yielding α' = 9.3 and 22.4 for PSL-34 and PSL-340, respectively. This leads to 
α' scale as N0.4, which compensates the N-dependence of the overlap concentration, (cp*)u 
~ N-0.44, in equation 3-2. 
 
3.4 Multiple-tracer diffusion 
To address FCS versatility, here I examine the possibility to resolve the diffusion of 
individual tracers in a polymer matrix containing a mixture of fluorophore tracers with 
fairly distinctive sizes. For this purpose, acetophenone solutions (~10 nM/L) of PSL-34 
and PSL-255 were mixed in comparable mole fractions. Then I added the matrix polymer, 
PS-220, to the mixture yielding a final concentration of ~ 0.1 g/ml. Since both polymer 
probes contained an amount of free dye as well, three different tracers (PMI, PSL-34 and 
PSL-255) were presented in the solution. The normalized autocorrelation function for this 
mixture is shown in figure 3.13. I employ equation 2-5 to represent the experimental G(t) 
of the three-component (m=3) mixture. The fit yields fPMI = 0.12; = 0.44, 34−LPSf 34−LPSτ = 
2400 μs; = 0.44, 255−LPSf 255−LPSτ = 20000 μs. The τPMI (=100 μs) is fixed to its value 
obtained from the corresponding autocorrelation function of the free dye in PS-220 at the 
same matrix concentrations (c=0.1g/ml), which is shown also for comparison in figure 
3.13 as opened red square (?). 
The molar fractions of the three components are in accordance with the preparation 
procedure and the diffusion times for PSL-34 and PSL-255 in the mixture are very close to 
the values obtained from the individual measurements in previous section. The mean 
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square displacements of pure PMI and the tracers in the mixture are shown in the inset in 
figure 3.13. The pure PMI shows a free Fickian diffusion slope whereas for the mixture 
free diffusion is observed at short lag time for PMI and at long lag time for PSL-255. In 
the intermediate time range more than one type of tracers contribute simultaneously. 





































Figure 3.13 Normalized correlation functions of (?) free PMI and (?) mixed 
probes (PMI, PSL-34 and PSL-255) in the PS-220/acetophenone solution at c ~ 
0.1 g/ml. Solid lines represent the fitting functions, according to equation 2-5. 
The MSD from both systems are shown in the inset. 
 
According to the agreement results to the literatures, the FCS setup and the calibration 
method in this chapter have been well proved to address the molecular and 
macromolecular dynamics in polymer solutions with very broad range of concentrations. 
Further exploration of FCS to the denser/undiluted systems will be expressed in the next 
chapter. 
 
 - 63 -
CHAPTER 4 
Small tracer diffusion in polymer melts 
 
Here I undertake a systematic exploitation of the applicability of FCS to study 
molecular tracer (R ~ 1 nm) diffusion in polymer melts at temperatures well above the 
polymer glass transition. First I develop a measurement protocol allowing accurate 
determination of the absolute values of the tracer diffusion coefficient D. Then I 
determine the dependence of D on the polymer Mw and temperature in two model linear 
homopolymers, namely, poly(dimethylsiloxane) (PDMS) and polyisoprene 1,4-cis (PI). 
Perylene (PMI) and terrylene (TDI) were selected as tracers. In an attempt to get better 
insight on the polymer specific processes influencing the tracer diffusion, the temperature 
dependence of D and the segmental relaxation times τs of polymers are compared. The 
studies are then extended to more complex systems; (i) miscible blends of PI and PVE 
and (ii) star shaped polyisoprene (SPI). To summarize, in this chapter I present my studies 
on the following tracer/polymer systems: 
1. PMI in linear PDMS, Mw ~ 0.77k – 110k. 
2. TDI in linear PDMS, Mw ~ 0.77k – 110k. 
3. TDI in linear PI, Mw ~ 1.5k – 33k. 
4. TDI in miscible blends of linear polymers, (1) PI-2.5 and PI-33 with different 
weight fractions, (2) a mixture of PI-3.5 and PVE-3.7 with 1:1 weight ratio. 
5. TDI dye in symmetric 3-arm star polyisoprene (1,4-cis), Ma ~ 10k and 29k. 
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4.1 Calibration of FCS observation volume in polymer melts 
In the previous chapter I described a procedure for calibration of the FCS 
observation volume in polymer solutions by independent measurements of the diffusion 
coefficient of fluorescently labeled polymers in dilute solution by DLS and the diffusion 
time of the same polymers by FCS. Here I extend this procedure to polymer melts by 
using a solvent with the same refractive index (n) as the polymer melt. For the estimation 
of r0 in the PDMS melt with nPDMS ~ 1.4, I used tetrahydrofuran, THF (nTHF ~ 1.4). In the 
case of PI (nPI ~ 1.5), the calibration procedure was done by using toluene (ntoluene ~ 1.5). 
As a reference for each solvent, firstly the diffusion coefficient of PMI-labeled 
polystyrene (Mw = 340 kg/mol), PSL-340, in diluted THF and toluene solution was 
measured by DLS. I found that, = 2.54 x 10340−LPSD
-7 and 2.0x10-7 cm²/s in THF and 
toluene, respectively. Since the two studied chromophores (PMI, TDI) have different 
absorption and emission spectra they can be excited with different lasers that result in 
different observation volumes. That is why the corresponding calibration procedures are 
described separately.    
Calibration for PMI 
Since PMI dye was used only in PDMS systems, the calibration was done only in 
THF. The diffusion time τD of the labeled-PS in THF was measured by FCS using the 
488nm line of an Ar+ laser for fluorescence excitation and a band-pass BP530-600 as 
emission filter, yielding τD of PSL-340 in THF = 520 µs. Finally from  and τ340−LPSD D, the 
corresponding values of r0 = (4DτD)1/2 was evaluated, resulting in r0 = 0.23 µm for THF 
and hence PDMS. 
Calibration for TDI  
Though TDI dye was used in both PDMS and PI, here I describe only the 
calibration for PI as an example. For FCS setup TDI is best studied by using the 633nm 
line of a HeNe laser as fluorescence excitation and a long-pass LP650 as emission filter. 
Unfortunately in my experiment there was no TDI labeled polymer that can be used for a 
“direct” calibration of the observation volume similar to the PMI case. To overcome this 
problem I have used the fact that the fluorescence of both TDI and PMI dyes can be 
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weakly excited by the 543nm line of a HeNe laser. Therefore this wavelength and the 
LP560 emission filter was utilized to measure the diffusion time of PSL-340 in toluene, 
yielding τD =650 µs, hence r0 =0.23 µm (from the known  in toluene from DLS). 
Applying the same excitation/detection settings, I measured the diffusion time of TDI in 
toluene, τ
340−LPSD
D = 27 µs, and evaluated the corresponding diffusion coefficient DTDI = 4.9x10-6 
cm²/s. The calibration procedure was then completed by measuring the diffusion time of 
TDI in toluene with the optimal FCS settings (HeNe/633, LP650). I found τD of TDI = 
37.5 µs, yielding r0 = 0.27 µm for toluene and hence PI. For the TDI dye in PDMS, the 
same procedure was repeated with THF and yielded r0 of 0.28 µm. 
 
4.2 Small tracer diffusion in linear homopolymer melts 
4.2.1 Effects of polymer matrix Mw on small tracer diffusion  
In this section, the diffusion coefficients of (i) PMI and TDI in PDMS and (ii) TDI in PI 
with vairous polymer matrix Mw at room temperature are illustrated. Figure 4.1 shows 
experimental autocorrelation curves, G(t), for PMI diffusing in PDMS and TDI diffusing 
in PI along with the representations (solid lines) for one fluorescence species (m=1) by 
equation 2-5. FCS allows also a computation of the tracer mean square displacement 
<Δr2(t)> (equation 2-7) as shown in the inset of figure 4.1. For all examined polymers, 
these double logarithmic plots show a slope of 1 on a time scale above 10 µs, indicating 
random Brownian diffusion of both molecular tracers in the linear polymer melts. 
Using the values of r0 obtained with the calibration procedure described above and the 
corresponding diffusion times, τD, from the fits (equation 2-5) to the autocorrelation 
curves, the diffusion coefficients of the PMI and TDI dyes in PDMS and PI can be 
calculated by using equation 2-8. The plots of DPMI and DTDI against the PDMS matrix 
Mw are displayed in figure 4.2. The diffusion coefficients of both dyes decrease with Mw 
and reach asymptotically constant values above a threshold value of Mw. This shows that 
the molecular probe diffusion does not follow the bulk polymer viscosity, which increases 
strongly with Mw, above the critical Mw for entanglement, Mc (η~Mw3.4, when Mw>Mc for 
PDMS ~30k).[88] Instead, D becomes independent of the matrix Mw above about 30k 
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resembling to some extend the dependence of the glass transition temperature Tg(Mw) of 
the polymer matrix on its molecular weight. As seen in figure 4.2, the variation of the 
quantities T-Tg(Mw) (T=298K, room temperature) and D with Mw look alike and both 
quantities become asymptotically Mw independent. It is known that the former controls 
the segmental mobility of bulk polymers, whereas the polymer Mw dependence of the 
tracer diffusion D(Mw) can have additional effects, as discussed below.  

















































































Figure 4.1 Autocorrelation curves of (a) PMI diffusion in PDMS and (b) TDI 
diffusion in PI with various molecular weights at room temperature, with the 
fitting curves (solid lines). Insets show the mean square displacements with 
reference slope of 1. 
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Furthermore, as it has been shown by FRAP and NRET,[41, 42, 51] the probe size (R) may 
modify the scaling D ~ R-1 in polymer melts. It is therefore very interesting to investigate 
the dependence of the tracer size on the diffusion, D(R), in the same polymer matrix 






















Figure 4.2 Diffusion coefficients of (?) PMI and (?) TDI dyes in 
polydimethylsiloxane (PDMS) matrices with difference Mw at 25°C. (?) the 
variation of the distance from the glass transition temperature, Tg, for the same 
PDMS samples is shown for comparison. Dashed lines are to guide the eye. 
 
It is clearly seen in figure 4.2 that D(Mw) of PMI and TDI are different and the 
discrepancy is not equivalent along the increasing polymer Mw. To obtain a quantitative 
measurement for this effect I calculate the ratio of the diffusion coefficients, Dr = 
DPMI/DTDI and plot vs. polymer Mw. The value of Dr increases with Mw and reaches a 
constant value of around 2.6 at sufficiently high Mw, as shown in figure 4.3. Considering 
the tracer diffusion in a simple solvent (e.g. toluene), according to Stokes-Einstein 
equation (SE), the diffusion coefficient is reversely proportional to the hydrodynamic 
radius (D ~R-1). The hydrodynamic radii of the two dyes in toluene, RPMI = 0.53 nm and 
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RTDI = 0.8 nm were obtained from FCS measurements. The ratio Dr = DPMI/DTDI in such 
solutions should amount to the inverse ratio of R (Dr =RTDI/RPMI) or Dr = 1.5. This value, 
represented as a dot line in figure 4.3, is used as a reference for the following discussion. 
In the undiluted oligomeric PDMS (Mw~0.8k) with the lowest Tg, the Dr (~1.8) is found to 
be relatively close to the SE prediction. Increasing the matrix Mw renders the Dr gradually 
deviating from the SE prediction. Interestingly Dr saturates to a value of ~ 2.6, at a 












Mw (g/mol)  
Figure 4.3 The ratio, Dr, of the diffusion coefficients of PMI and TDI dye in 
PDMS matrices (Dr= DPMI/DTDI) against PDMS Mw. The dashed line is a guide for 
the eye. The dot line through Dr= 1.5 refers to SE prediction in a solvent.  
  
In order to examine whether the observed characteristics of molecular tracer diffusion in 
PDMS are general for amorphous bulk polymers above Tg, I also measured the TDI dye 
diffusion coefficient in PI with different Mw. The dye diffusion data plotted in figure 4.4 
reveals similar behavior shown for the tracer diffusion in PDMS (figure 4.2), i.e. D of a 
small tracer closely follows the Mw dependence of the polymer glass transition 
temperature. For the consistency of these results, it is interesting to note that the PI 
sample with the lowest molecular weight (1.5k) has slightly higher Tg than the PI sample 
with the somewhat higher Mw (2.5k) probably due to the higher polydispersity of this 
 
Chapter 4 Small tracer diffusion in polymer melts  
sample (see Table 2.3). This trend is also reflected in the plot of D vs. Mw, i.e. D in PI-1.5 
is slightly lower than D in PI-2.5.  Furthermore a brief comparison of figures 4.2 and 4.4 
shows that at temperatures well above Tg the TDI diffusion is approximately 30 times 





















Figure 4.4 Diffusion coefficients of (?) TDI dye in polyisoprene (PI) matrices 
with difference Mw at 25°C and (?) the variation with the distance from the glass 
transition temperature Tg(Mw) for the same PI samples  is shown for comparison. 
The dashed lines are to guide the eye. 
 
4.2.2 Temperature dependence of small tracer diffusion 
 The results described in the previous section show that the small tracer diffusion 
D(Mw) is related to the Tg(Mw), which in turn controls the segmental dynamics (α-
relaxation) of the host polymer. Thus it is interesting to compare the small tracer diffusion 
with the segmental dynamics of the polymer matrix. Since the studies of segmental 
dynamics in polymers are typically performed in terms of temperature dependence, here I 
explore the temperature dependence study of the tracer diffusion D(T) in FCS. 
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As many parameters might affect the temperature dependence of the tracer diffusion I will 
first present the effect of the tracer size in the same polymer, i.e. PMI and TDI dye in 
PDMS. Second I will discuss the effect of different polymer matrices on the diffusion of 
the same tracer, i.e. TDI in PDMS and PI. All temperature dependence studies were 
performed in the temperature range of 5-50°C (or around 280-320K).  
Effects of tracer size 
In previous section, the D of both dyes in PDMS were found to be independent of 
Mw when Mw ≥ around 30K. Here I selected two PDMS that provide significantly 
different Tg (respectively Mw), i.e. PDMS-0.8 and PDMS-65 to study the effect of the 
tracer size on D(T). The D(T) of PMI and TDI dyes in these two PDMS matrices can be 
well represented by an Arrhenius plot as shown in figure 4.5 (a). The Arrhenius plots 
show almost parallel curves for both dyes in both PDMS samples. In order to exclude the 
effect of the Tg(Mw), in figure 4.5 (b) the dependence D(T) is represented according to the 




−−= ∞ )(*exp 0TTR
BDD D         (4-1) 
where R* is the gas constant and T0 (=Tg-c2) is the ideal glass transition temperature, 
where the value of the constant c2 is assumed to be 20K.[89-91] By fitting the experimental 
data shown in figure 4.5 (b) with equation 4-1, the activation energy BBD  and limiting high 
temperature D∞  can be obtained, as tabulated in table 4.1. The PMI dye exhibits the same 
activation energy, BDB  ~ 4.1±0.1 kJ/mol, in both PDMS-0.8 and PDMS-65. The TDI dye 
shows slightly higher BBD ~ 4.7±0.2 kJ/mol, which is again the same in both PDMS 
matrices. This result reveals that the smaller dye requires less activation energy to diffuse 
in the same polymer matrix. While my studies were performed at T>>Tg,  the similar 
behavior was also revealed at T very close to Tg.  This effect is easily 
understandable in terms of the free volume consideration. Indeed, if both tracers are 
considered as rigid objects, then the necessary free volume hole to enable diffusion is 
proportional to the tracer size and hence the associated activation energy should be higher 
for the larger tracer. While BD
[41, 42, 52]
B  does not depend on the polymer matrix molecular weight, 
the limiting high temperature value of the diffusion coefficient D∞ for both dyes exhibits 
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strong dependence on the Mw. This issue will be further discussed in the next section, 
where the effect of the different polymer matrices is addressed. 































Figure 4.5 Temperature dependence of the diffusion coefficient, D(T), in an (a) 
Arrhenius plot and (b) VFT plot for PMI dye in (?) PDMS-0.8 and (?) PDMS-
65; and D(T) of TDI dye in (?) PDMS-0.8 and (?) PDMS-65. Dashed lines 
denote the fits with the Arrhenius equation and VFT equation (equation 4-1) for 
figure (a) and (b), respectively. 
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Table 4.1 Fitting parameters in figure 4.5 (b), according to equation 4-1 
Tracer       Polymer                  D∞(10-6cm²/s)       BBD (kJ/mol)     T0 (K)* 
PMI     PDMS-0.8       18.3±0.07                 4.1±0.1   116 
    PDMS-65         3.9±0.02          4.1±0.1   128  
TDI     PDMS-0.8       15.6±0.12          4.7±0.2   116 
    PDMS-65         2.2±0.02          4.7±0.2   128             
* T0 = Tg – c2, c2 =20K.[89-91] 
 
Effects of polymer matrix 
The TDI dye which can be studied in both PDMS and PI was selected to compare 
the temperature dependences of the diffusion coefficient in these two polymers. The D(T) 
of TDI in PDMS and PI are displayed in figure 4.6. The diffusion data in both polymers 
at T>>Tg can be well represented by an Arrhenius plot with virtually the same activation 
energy in each polymer, indicating by the parallel curvatures, which are almost linear in 















Figure 4.6 Temperature dependence of the diffusion coefficient, D(T), of TDI 
dye in PDMS with Mw (?) 0.8k and (?) 65k and PI with Mw (?) 1.5k, (?) 3.5k, 
and (?) 22k. Dashed lines denote the fits to the Arrhenius equation.  
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To account for different Tg(Mw), here I re-plot figure 4.6 with non Arrhenius (VFT) plot, 
as shown in figure 4.7. In this plot the diffusion coefficients determined at room 
temperature for various Mw are also included as a connection between the D(T) of two 
extreme Mw matrices (half-solid diamond for PDMS and opened circle for PI). All D(T) 
plots in figure 4.7 are fitted according to the VFT equation (equation 4-1), where the 
values of constant c2 are assumed to be 20K and 50K for PDMS[89-91]  and PI[81], 
respectively. The fitting parameters for TDI in PDMS and PI are respectively shown in 
table 4.1 and 4.2. The data reveal virtually the same activation energy BBD for the two 
PDMS (BDB  = 4.7±0.2 kJ/mol) and the three PI (BBD = 8.3±0.5 kJ/mol) matrices.  

















Figure 4.7 VFT Temperature dependence plot of the diffusion coefficient, D, of 
TDI in PDMS with Mw (?) 0.8k and (?) 65k and PI with Mw (?) 1.5k, (?) 3.5k, 
and (?) 22k, including the D(Mw) at room temperature of TDI in (?) PDMS and 
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Table 4.2 Fitting parameters for TDI in PI in figure 4.7, according to equation 4-1 
Tracer     Polymer            D∞(10-6cm²/s)        BBD (kJ/mol)    T0 (K)* 
TDI    PI-1.5    6.3±0.15         8.3±0.5          142 
   PI-3.5   5.9±0.04          8.3±0.5      152  
   PI-22    3.6±0.06  8.3±0.5      159 






























Figure 4.8 Polymer Mw dependence of (a) limiting high temperature D∞ for (?) 
PDMS and (?) PI, and (b) density of (?) PDMS 
 
Assuming the same activation energy for all other Mw from room temperature studies (BD 
= 4.7 and 8.3 kJ/mol in PDMS and PI, respectively), the dependence of the limiting high 
temperature value of the diffusion coefficient D∞ on Mw can be estimated. Figure 4.8 (a) 
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shows that the D∞ decreases with Mw and reaches an asymptotic value at sufficiently high 
Mw. The D∞ in PDMS obviously shows stronger dependence on Mw than that in PI. These 
results imply that there is an additional Mw dependence of D(Mw) which is not attributed 
to Tg(Mw), especially in PDMS. This extra contribution is possibly related to the Mw 
dependence of the polymer density; as an example the dependence of the PDMS density 
ρ  on Mw is shown in figure 4.8 (b). 
 
4.2.3 Comparison of small tracer diffusion and polymer segmental dynamics 
Often a non-Arrhenius equation is used to describe the variation of the segmental 




−= ∞ )(*exp 0TTR
B
s ττ     (4-2) 
where τ∞ is the limiting high temperature value of τs . The ideal glass transition 
temperature T0 is defined as Tg – c2, where c2 is a constant.  In this section I compare the 
temperature dependence of the small tracer diffusion D(T) obtained from FCS 
experiments and the segmental relaxation time τs(T) for both PDMS and PI in terms of 
activation energy (the slope of VFT plot). First the segmental relaxation data were 
obtained from dielectric spectroscopy (DS) in the temperature range from 210-253K for 
PI and 150-170K for PDMS, which were rather close to polymer Tg in both cases.  
In the case of PI, I also include the literature data measured at high temperatures for PI-
1.5[92], as shown in figure 4.9. For PI, I use a fixed value of c2=50K in all cases. The 
values of τs in all PI matrices are nicely superimposed at temperatures equidistant from T0 
through very broad temperature range as seen in figure 4.9. The limiting high temperature 
τ∞ is found to be 2.4×10-13 s or 0.24 ps, which is in the same order of a typical value for 
most polymers. The superimposed plot of τs(T) of PI provides the single activation energy 
B of 12.5 kJ/mol, which is significantly higher than the activation energy BBD of TDI 
diffusion in PI (BDB  ~ 8.3 kJ/mol) at T >>Tg. 
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Figure 4.9 VFT-Temperature dependence of segmental relaxation times τs from 
DS experiments of (?) PI-1.5K[92], (?) PI-3.5, (?) PI-22, and (?) PDMS-65. 
The fitting parameters are listed in table 4.3. 
 
Since it is very difficult to measure the segmental relaxation time of PDMS at 
temperature far above Tg by classical methods due to cold crystallization,[81, 91] such data 
are not available in the literature. Here I assume similar activation energy in the entire 
range from T ~ Tg to very high T (at Troom) >> Tg. Thus the τ(T) for PDMS is described 
with a single VFT plot. From the DS measurement, the low Mw PDMS showed quite 
broad dielectric peak, where the maximum loss ε” was hardly identified. Therefore only 
DS data from PDMS-65 are used for the following discussion.  Since τs in PDMS was 
measured at temperatures very close to Tg, to avoid over extrapolation at high T, here τ∞ 
is fixed at 5.6×10-13 s or 0.56 ps, which has been used in the literatures.[90, 91] The same 
value of c2 (= 20K) as assumed in the previous section for D(T), is used to account for T0. 
Though the two (T0, τ∞) of three VFT parameters for PDMS are fixed, the measured DS 
data in figure 4.9 is still well represented with the fitting curve. The corresponding 
activation energy B of 5.6 kJ/mol is obtained for PDMS-65. Similar to PI, the value of B 
for τs(T) in PDMS is also fairly higher than the BBD from D(T).  
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Table 4.3 VFT fitting parameters from figure 4.9, according to equation 4-2 
Polymer                τ∞ (ps) B (kJ/mol) T0 (K) a
PI-1.5 0.24±0.07 12.5±0.13 142 
PI-3.5   152 
PI-22   158 
PDMS-65 0.56b   5.6±0.02 128 
a) T0=Tg-c2 , where c2=20 and 50K for PDMS[89-91] and PI.[81] 
b) τ∞  was fixed at 0.56 ps.[90, 91]  
 
The fitting parameters for the VFT plots shown in figure 4.9 are summarized in table 4.3. 
Clearly the TDI diffusion coefficient shows weaker temperature dependence than the 
segmental dynamics in both PDMS and PI matrices. In previous studies,[39, 51] the 
dissimilarity in temperature dependence of molecular tracer diffusion and polymer 
segmental motions has been also discussed in term of dynamics heterogeneity. They 
revealed that the closer T to Tg, the weaker D(T) was found, reflecting the enhancement of 
dynamics heterogeneity in the polymer host.[51] In my study, at well above Tg the 
dynamics heterogeneity in term of different activation energies of D(T) and τs(T) still 
exists. Nevertheless a similar tendency is observed; both activation energies BBD and B in 
PI are approximately two times of those in PDMS (BPIB /BBPDMS ~ 2.2 and BD,PIB /BBD,PDMS ~ 1.8).  
This is a further indication that the local segmental dynamics of the host polymer is one 
of the vital parameters controlling the small tracer diffusion in polymer melts, while other 
parameters, such as tracer size, polymer density, the distance from Tg, etc, can attribute to 
D∞(Mw) and weaker activation energy. 
 
4.3 Small tracer diffusion in a miscible blend of linear polymer melts 
It is known that miscible polymer mixtures exhibit two distinct segmental 
relaxation times due to local composition inhomogeneities inherent to the nanoscopic 
cooperative length associated with the primary α-relaxation. Over larger length scales, 
however, such systems are spatially homogeneous displaying a single composition 
averaged glass transition temperature. In this section I used FCS to study miscible 
polymer blends and explored the effect of composition on the small molecular tracer 
 - 78 -
 
Chapter 4 Small tracer diffusion in polymer melts  
diffusion in such systems. To exclude additional effects, e.g. tracer affinity to a certain 
polymer, I studied first a blend of two 1,4-polyisoprene (PI) samples with different Mw 
(2.5k and 33k), providing slightly different segmental relaxation. Then I extended my 
study to a blend of two polymers with significantly distinctive segmental relaxation time: 
1,4-polyisoprene and poly(vinyl ethylene). 
 
4.3.1 Small tracer diffusion in a mixture of low and high Mw PI 
 I selected two different Mw of polyisoprene, PI-2.5 and PI-33, where TDI dye was 
used as a tracer. The mixtures were prepared with 3 different weight fractions of PI-2.5; 
0.25, 0.50, and 0.75. The autocorrelation curves of TDI dye in all weight fractions and in 
both homopolymers are shown in figure 4.10. All curves are nicely fitted with equation 2-
5 for a single component (m=1). Additionally the mean square displacement plots of all 
compositions in the inset of figure 4.10 present slope of 1, indicating Brownian diffusion 
of the dye in the polymer mixtures over a long (~500 nm) length scale. 
The diffusion coefficients of TDI dye in the blends are then calculated using the 
procedure described above for homopolymers. The results are shown in figure 4.11, 
which reveals a monotonic increase of D with increasing the weight fraction of PI-2.5. 
The dependence of the TDI diffusion coefficient on the blend composition can be 
satisfactorily estimated using: log Dmix= φ1 logD1+ φ2logD2, where φi is the weight 
fraction of component i. In these two polymers, the one of the different parameters is Tg 
corresponding to T0, which exists in an exponential term of D(T) (equation 4-1). This 
might be a reason why the weight average function in the logarithm scale is more 
reasonable, while the average on linear D does not work well.   
As discussed above, the FCS studies the molecular probe diffusion across a confocal 
observation volume, i.e. over typical distance of 500 nm. A single diffusion coefficient 
(diffusion time) in the PI mixtures, resembling the weight average of the values for the 
two components, is observed. This finding reflects the homogeneous nature of the blends 
over a length scale much larger than the polymer segmental dimensions and shows that 
FCS can not distinguish the individual segmental dynamics of the two components. It 
should be emphasized, however, the two polymers used in the mixture (PI-2.5 and PI-33) 
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have relatively close segmental dynamics. I therefore studied also another polymer blend 
system of two components with distinctive segmental dynamics. 



































Figure 4.10 Normalized autocorrelation curves of TDI dye diffusion in PI 
mixtures with PI-2.5 weight fraction of (?) 0 (100% PI-33) (?) 0.25, (?) 0.50, 
(?) 0.75, and (?) 1. Dashed lines are fitting curves with one component 
diffusion. Inset shows the mean square displacements with reference slope of 1. 











Weight fraction of PI-2.5
PI-33
 
Figure 4.11 The diffusion coefficient of TDI vs. polymer composition mixtures. 
The dashed line shows the weight averaged value of log D. 
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4.3.2 Small tracer diffusion in a blend of PI and PVE 
Here I selected the well studied miscible blend,[93] 1,4-polyisoprene (PI-3.5, Tg = 
201K) and polyvinyl ethylene (PVE-3.7, Tg = 250K), in order to explore its composition 
homogeneity by FCS tracer diffusion experiment. Again TDI dye was used as a tracer. It 
is known that this miscible polymer blend exhibits two distinct segmental relaxation times 
due to local composition inhomogeneities inherent to the nanoscopic cooperative length 
associated with the primary α-relaxation.[93] The differential scanning calorimetry (DSC) 
thermographs, plotted in figure 4.12, show an average single broad step of Tg (Tg of blend 
= 217K) revealing the homogeneous nature of the blend over large length scales. 
Furthermore pulsed-field gradient NMR studies of this system have also shown a single 
average friction in agreement with viscosity and Tg measurements.[94] 







Figure 4.12 DSC results of PI and PVE and their blend with weight ratio of 1:1. 
 
Figure 4.13 shows that the experimental normalized G(t) for the TDI diffusion in the 
symmetric PI/PVE blend is well described by a single Fickian diffusion process (equation 
2-5) as also seen in the mean square displacement plot in the inset. The diffusivity in the 
blend is intermediate between its constituents being closer to the tracer diffusion in PI at 
the same temperature. The diffusion coefficients of TDI in PI-3.5, PVE-3.7 and their 
blend are plotted vs. the weight fraction in figure 4.14. The value of D in the blend shows 
somewhat higher than the average value, which is closer to the fast component PI-3.5. For 
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further analysis, the average Tg of blend calculated by the Fox relation (1/Tg,blend = 
φ1/Tg,1+φ2/Tg,2) is shown for comparison as a linear linked (red dashed line) between both 
polymer Tg in the same plot. The measured Tg,blend from DSC illustrates slightly above the 
average value by Fox equation. To guide the eye, from the parallel plots of both quantities 
in figure 4.14, I draw the horizontal dashed lines (blue) to their average lines, and they 
nicely correspond to the same weight fraction. These shifts therefore might probably be 
caused by a weighing error from the blend preparation. The diffusion coefficient in the 
blend well resembles the Tg of the host polymers, where the Tg from DSC trace is broader 
in the blend reflecting composition fluctuations. 














































Figure 4.13 Normalized fluorescence intensity autocorrelation function for the 
TDI diffusion in 1,4-polyisoprene 3.5k (PI) (?), poly(vinyl ethylene) 3.7k (PVE) 
(?), and  their symmetric (50% wt) blend (?). The solid lines denote one 
component fits of equation 2-5 as also indicated by the Fickian diffusion behavior 
in the inset. 
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Figure 4.14 Dependence of PVE weight fraction on (?) D of TDI dye and (?) 
1000/Tg in PI, PVE and PI/PVE blend. Dashed lines show averages by weight 
fractions. (For blue dot lines, see explanation in the text.) 
 
4.4 Small tracer diffusion in 3-arm star polymer melts  
 Another interesting parameter that can effect the small tracer diffusion is the 
polymer host topology. Here FCS was employed to study the dynamics of a small 
molecular probe (TDI) in 3-arm star polyisoprene (SPI). The temperature dependence of 
molecular tracer diffusion in the star polymer matrices are compared with that in linear 
PI, and discussed in term of the segmental and chain dynamics as measured by a classical 
method, i.e. dynamic mechanical analysis (DMA).  
 
4.4.1 Effects of polymer topology on small tracer diffusion 
The autocorrelation curves from the TDI dye diffusion in 3-arm star polyisoprene 
(SPI-10) and linear polyisoprene (PI-22) with analogous Mw to the span Mw of SPI (~ 
2Ma), are illustrated in figure 4.15.  The tracer diffusion in PI-22 exhibits a single decay 
and the autocorrelation curves can be nicely fitted with equation 2-5 with one diffusion 
component (m=1).  The autocorrelation curves from TDI diffusion in star PI, however, 
show a second process that extends the curve to large lag times. Equation 2-5 provides a 
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proper fit only if two components are used (m= 2), indicating two diffusion modes in the 
star polymer.  
The inset in figure 4.15 displays the mean square displacement <Δr2(t)> vs. t in a log-log 
plot. The data for TDI diffusion in linear polymer show a slope of 1 that indicates 
Brownian motion of the molecules. In star polymer at relatively short lag time (~ 0.01-0.1 
s) the slope is also close to 1. Subsequently the slope decreases at longer time due to the 
influence of the slow diffusion mode. The deteriorating slope implies no longer free 
random Brownian motion in the system. 




































Figure 4.15 Autocorrelation curves with the fits of the TDI dye diffusion in (?) 
linear PI Mw of 22 kg/mol (?) 3-arm star polyisoprene with Ma of 10 kg/mol at 
T=25°C. Dashed lines are fitted with equation 2-5 with m= 1 for PI-22 and m=2 
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Figure 4.16 Autocorrelation curves with the fits of the TDI dye diffusion in (a) 
SPI-10 and (b) SPI-29 with different temperatures (in °C). The insets in (a) and 
(b) present the mean square displacement. 
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Similar two-diffusion mode behavior is also observed in the larger Mw star polymer (SPI-
29), and it is persistent at different temperatures. Figure 4.16 (a) and (b) present the 
autocorrelation curves of TDI diffusion at different studied temperatures in SPI-10 and 
SPI-29, respectively. The inset in figure 4.16 displays the mean square displacement 
<Δr2(t)> vs. t in a log-log plot, with reference slope 1 and 0.5 (to guide the eye). All 
autocorrelation curves reveal two distinctive diffusion times and can be nicely fitted with 
equation 2-5 by using 2 components (m = 2). To obtain reliable data for the second, very 
slow process, all experiments were performed over sufficiently long period of time (1-2 
hr). The stable amplitude of the fluorescence intensity fluctuations over the whole 
measurement period confirmed that there was only one type of fluorescence species, 
diffusing in star polymer with two different manners. 
 
4.4.2 Two modes of small tracer diffusion in star polymer melts 
By fitting of the autocorrelation curves of tracer diffusion in star polymers, two 
distinctive diffusion times are obtained; τ1 and τ2 represent fast mode and slow mode, 
respectively. Furthermore the corresponding fractions of these two components (fi in 
equation 2-5) are found to be f1~70% and f2~30%.  The temperature dependence of the 
lateral diffusion times of the TDI in SPI-10 and SPI-29, and the corresponding diffusion 
coefficients which can be simply calculated by equation 2-8, are shown in figure 4.17 and 
figure 4.18, respectively. The diffusion coefficient D(T) of TDI in linear PI-22 is 
presented in figure 4.18 for comparison. 
Fast mode diffusion  
Considering the fast mode diffusion in figure 4.18, the TDI diffusion coefficients, 
D1, in linear PI and both SPI are nicely superimposed in a temperature dependence plot. 
As previously shown in figure 4.4, in linear PI at constant temperature the tracer 
diffusion coefficient D decreases with Mw and attains an asymptotic value at high Mw, 
i.e. when Tg(Mw)≅ Tg,∞ . The linear PI-22 that has Mw~22k and Tg=208K belongs to this 
saturated region of D(Mw). The two star polymers possess span molecular weights of 
20k and 58k respectively and have similar glass transition temperature Tg ≅ 208±1K, 
which qualifies them in the same saturated region of D(Mw).  
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It is logical therefore to conclude that the fast diffusion mode observed in the star PI 
originates from the same physical effects as the diffusion in linear PI. Therefore (as 
discussed in section 4.2) this diffusion mode is strongly related to the polymer 
segmental dynamic. Such conclusion is further supported by earlier classical polymer 
dynamics studies, which revealed that the segmental relaxation time of star polyisoprene 
was identical to that of linear PI and independent of the Mw (when Mw>Mc, and Mc,PI ~ 
10K).[61] This argument is additionally confirmed by the mechanical master curves of 
linear and both star PI in figure 4.20, as presented in next section.  















Figure 4.17 Temperature dependence of two-mode lateral diffusion times of TDI 
dye, τ1 in (?) SPI-10 and (?) SPI-29; τ2, in (?) SPI-10 and (?) SPI-29. 
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Figure 4.18 Diffusion coefficients calculated from τ1 for TDI in (?) linear PI-22 
(?) SPI-10 and (?) SPI-29. Apparent diffusion coefficient calculated from τ2 for 
TDI in (?) SPI-10 and (?) SPI-29. Dashed lines are fitted by D ∝ exp(1000/T). 
 
Slow mode diffusion  
As discussed in section 4.4.1, in contrast to the single decay of the autocorrelation 
curve from tracer diffusion in linear PI, an additional diffusion mode with extremely long 
time scale arises in a star PI.  The major difference of the star polymer as compared to the 
linear one is the additional branched chain at the middle of the span polymer molecule 
and hence the existence of a special “central” point in the star molecule. Considering the 
dynamics of a star polymer chain, in an entangled system the motion of star polymer 
molecule can occur only when one arm is retracted to the center without crossing any 
obstacles, and move with a distance a corresponding to a tube diameter with arm 
relaxation time τa ,[95] shown as cartoon in figure 4.19.  
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a 
Figure 4.19 Cartoons of the arm relaxation process in a symmetric 3-arm star 
polymer, a is tube diameter. 
 
In an FCS study, the observation length scale is much larger than this arbitrary tube. It is 
reasonable to assume that the star polymer does not diffuse through the FCS observation 
volume or diffuses with extremely slow rate beyond the measurement period. With this 
assumption in mind, the two-mode diffusion of a molecular probe in the star PI can be 
understood as follows. Most tracer molecules (>70%) can diffuse through the FCS 
observation volume (<1µm3) without any special restriction arising from the star 
topology. These tracers give rise to the fast mode diffusion, which is basically the same as 
in linear polymer. Some tracers however, can be physically trapped in a certain point of 
the polymer matrix and stay at this state for a certain time. Eventually such tracers may be   
released and then join the normal fast diffusion channel. This trapping-releasing process 
which is not observed in linear PI, should be related to the special topology of the 3-arm 
stars, i.e. the existence of the special central point in the polymer molecule and/or to the 
arm relaxation process.  
From this physical picture, the characteristic time of the slow mode should be considered 
as a retention time rather than a diffusion time. Or to be more precise the slow mode time 
is a combination of the retention time and the diffusion time (fast mode). This process 
allows the molecule to eventually cross the entire observation volume, and creates the 
fluorescent intensity fluctuations measured in the FCS experiment. As can be seen in 
figure 4.17, however, the slow time τ2 is around 2 decades longer than the diffusion 
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4.4.3 Comparison of small tracer diffusion and star polymer dynamics 
Here I compare the tracer diffusion results with the segmental and terminal 
relaxation times obtained from the mechanical spectroscopy (DMA). The mechanical 
spectra of linear PI-22 and two star polymers shown in figure 4.20, display two major 
relaxation processes. First is segmental relaxation (τs=1/ωs) and another is chain 
relaxation with (τc =1/ωc) in linear PI or arm relaxation (τa =1/ωa) in star PI. As expected 
the segmental relaxations in both topologies of PI (linear and star) occur at similar 
frequency at the reference temperature (Tref = 215K).  
The relation between the segmental relaxation time and the tracer diffusion coefficient in 
a linear polymer (and therefore the fast mode diffusion in star polymer) was discussed in 
section 4.2. Therefore, below I will focus on the eventual relation between the retention 
time observed in the 3-arm stars (obtained as slow tracer diffusion time) and the 
corresponding arm relaxation time. 
















Figure 4.20 Mechanical master curves at Tref = 215K of (?,?) linear PI-22, 
(?,?) SPI-10 and (?,?) SPI-29 with indicating similar segmental relaxation 
frequency (ωs) of both linear and star PI, and different chain relaxation (ωc) for 
linear PI-22 or arm (ωa) relaxation of SPI-10 and SPI-29, respectively. 
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Figure 4.21 Temperature dependence of relaxation time (a) in SPI-29 including 
(?) arm relaxation, τa, from  DMA and (?) slow mode diffusion time,τ2, from 
FCS, and (?) shifted τ2; (b) in SPI-10 including  (?) arm relaxation, τa, from 
DMA and (?) slow mode diffusion time, τ2, from FCS, and (?) shifted τ2. (The 
shifted τ2 are just to guide the eye) 
 
The temperature dependence of the arm relaxation was evaluated from DMA studies 
using the shift factors from time-temperature superposition as described in chapter 2. The 
Arrhenius plots of τa of SPI-10 and SPI-29 are shown in figure 4.21. The temperature 
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dependence of retention time τ2 in each star polymer is directly placed on each plot. From 
both figure 4.21 (a) and (b), it is obviously seen that the retention time is around 2 orders 
of magnitude slower than the arm relaxation time. While both processes are much 
different in magnitude, they exhibit very similar temperature dependences as illustrated in 
the figure 4.21 by a vertical shift of the retention time data. This may be considered as 
indirect evidence that the slow tracer diffusion process is correlated with the arm 
relaxation in the star polymer.  
To sum up, in this chapter I demonstrate the applicability of FCS to study tracer dynamics 
in polymer melts and explore the effect of  various parameters, i.e. tracer size, polymer 
Mw, polymer type, polymer architecture, and temperature. The diffusion behaviors of 
small molecules are found to be closely related to the dynamics of polymer host, whereas 
many additional parameters can also play an important role.  
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Small tracer diffusion in heterogeneous systems 
 
In this chapter, I focus on one of the main advantages of FCS as compared to other 
techniques for diffusion studies, namely its extremely small observation (probing) 
volume. Indeed as I discussed in chapter 2 FCS can probe the diffusion of fluorescent 
tracers in a volume smaller than 1µm3. This allows high resolution “3D mapping” of the 
diffusion coefficient in very small and/or heterogeneous system.  Below I describe my 
studies of two such systems: crosslinked PS microbeads and silica inversed opals. 
 
5.1 Small tracer diffusion in a swollen cross-linked PS bead  
Swelling behavior of cross-linked polymer bead under solvent (for that polymer) 
is influenced by both material and solvent properties. In particular the degree and the 
uniformity of the cross-linking may strongly influence the swelling. As the tracer 
diffusion in swollen polymer network is correlated to the polymer density, a local 
measurement of the tracer diffusion coefficient may reveal important information about 
the uniformity of the cross-linking.  Due to its extremely small probing volume, FCS is a 
perfect tool for such studies and can easily address even beads with micron sizes. To 
demonstrate this, I selected chemically (4-8%) cross-linked PS beads with diameter of 20-
40 μm as a model system. The PS beads were initially swollen in toluene in the presence 
of a fluorescence dye, the commercial perylene (PDI). Cartoons illustrating the FCS 
measurement in toluene and inside a swollen PS bead are shown in figure 5.1.  
 
 




Figure 5.1 Cartoons of FCS experiments for measuring diffusion of PDI dye (a) 
in solvent and (b) inside a PS bead.  
 
Prior to performing the FCS measurement, the confocal laser scanning microscope 
(CLSM) was used to find the position of a selected PS bead, immobilized on the glass 
slide. An example of a laser scanning image of PS bead in the PDI/toluene solution in x-y 
cross-section at constant distance (or z) from the glass surface is shown in figure 5.2(b). 
The image shows that a PDI dye rich-phase is found on the surface of the PS bead.  
 
 
Figure 5.2 Images of cross-linked PS sphere with diameter of 24 µm in 
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This can be also observed by measuring the fluorescence intensity across the particle in z-
axis perpendicular to the glass slide surface, as shown in figure 5.3. The intensity or 
photon count rate scan shows peaks at the bottom and top surface of the sphere. This 
might be caused by non-uniform swelling of the PS bead, resulting in retardation of the 
dye diffusion close to the bead surface, where higher cross-linking density might exist. 
 




























Figure 5.3 Fluorescence intensity scanning perpendicular to the glass surface 
through the PS sphere with the diameter of 24 µm in toluene in the presence of 
PDI dye. 
 
To study the uniformity of the swelling of PS bead in toluene, the FCS experiment was 
then performed by measuring the tracer diffusion at different positions in a PS bead, 
ranging from the middle to the surface of the bead. To increase the accuracy and the 
number of measurement positions I selected a PS bead with diameter of around 45 µm for 
this study. First I measured at position very close to middle of the PS sphere, taken as x = 
0, then increasing x to 5, 10, 15, and 20 µm in one direction. The autocorrelation curves 
of the PDI diffusion in the swollen crosslinked PS sphere at different position are 
displayed in figure 5.4. Additionally the autocorrelation curve of PDI dye diffusing in 
toluene is shown for comparison. The correlation curves measured in the bead, cannot be 
fitted well with a single diffusing component (m=1) for the autocorrelation function 
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(equation 2-5). They can be rather fitted by using two-component function (m=2). These 
fits reveal the presence of a small fraction (5-10%) of very slowly diffusing component 
(diffusion times in the order of 10-50 ms), which might be attributed to a trapping of 
some dye molecules at the cross-linked points as also found in branched polymers 
(chapter 4). Nonetheless I discuss here only about the short diffusion time contributing 
from major part of dye molecules (>90%).  




















Figure 5.4 Autocorrelation curves of perylene dye diffusion in (?) toluene, and 
in PS bead with diameter of 45 µm at position x; (?) x=0, (?) 10, (? ) 20µm, 
where x = 0 at middle of the bead.  
 
At the position x = 0, or at the middle of the PS sphere, the PDI dye diffuses with the 
diffusion time of 340 µs (in toluene τPDI ~ 20 µs). At the distance x = 5-15 µm from the 
middle, the diffusion behaviors of the dye are similar to the middle of the bead. It means 
that the cross-linked density within the PS bead was relatively uniform. Nevertheless at 
x=20 µm (close to the shell), the diffusion time of the dye is two times longer than in the 
center. This result confirms the idea of denser cross-linking (less swelling) at the surface, 
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which is initially found by the stronger fluorescence light at the PS shell in LSM image in 
figure 5.2 (b) and by the intensity scan in figure 5.3.    
The diffusion coefficients from the diffusion times are calculated using D = r02/4τD 
(equation 2-8), where r0 = 0.24 µm. The calibration of r0 was done by the same method as 
described for polymer solution in chapter 3. The diffusion coefficient at different position 
from x= 0 to x=20 are illustrated in figure 5.5. For comparison, the diffusion in toluene is 
shown at x ~ 25µm (outside the PS bead). In brief, the commercial chemically crosslinked 
bead exhibits relatively uniform swelling, excluding a layer very close to the shell where 
the tracer diffusion rate is significantly reduced. 














PS bead Diameter = 45 µm
Toluene
 
Figure 5.5 Diffusion coefficients of PDI dye in the swollen PS bead with 
diameter of 45µm at different positions starting from the center of the bead, x = 0, 
and the diffusion coefficient of PDI in toluene is shown for comparison. Dashed 
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5.2 Small tracer diffusion in silica inversed opals  
Inverse opal is a well-defined, highly ordered structure of porous network material 
representing interconnected voids with specific properties concerning adsorption, mass 
and heat transport, and spatial confinement, which lead to a wide range of applications 
from oil recovery and water purification to tissue engineering.[78] The confinement 
property can alter the dynamics of the solute in the solution inside the material, which 
may reveal some control parameters for future applications. Here FCS is used to study the 
tracer diffusion in silica inverse opals. The system of silica inverse opals filled with dilute 
fluorescence dye solution was selected. The size of opal is around 320-360 nm, which is 
slightly smaller than the observation diameter (2r0 ~ 450 nm); hence, the observation 
volume can cover only one entire opal as a maximum. The scanning electron microscope 
(SEM) images of the inverse opals at different magnifications are shown in figure 5.6.  
The thickness of inverse opal layer on the glass slide was around 5 µm. Cracking 
occurred in the preparation process causes discontinuous pieces in the opal layer (see 
figure 5.12 (a)). Nonetheless the size of each piece is around 10-20 µm, allowing simply 
access by FCS. The FCS measurements were performed in 2 different solutions; (i) 
aqueous solution (Alexa fluor 488 in water) and (ii) organic solution (PDI dye in toluene). 
The preparations were explained in chapter 2. 
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Figure 5.6 SEM images of the silica inverse opals with different magnifications. 
 
 
5.2.1 Diffusion of Alexa fluor 488 in aqueous solution in inverse opals 
Since the opal layer was inconsistently deposited on the glass slide (including 
small crack, void, etc.), prior to the FCS measurement the precise position of the opal 
layer was observed. In aqueous solution imaging by CLSM cannot distinguish the opal 
layer from the solution, because the Alexa molecules mostly suspended in the aqueous 
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phase. Nevertheless the fluorescence intensity scanning in z-direction (perpendicular) 
from the glass surface through the sample can differentiate the opal layer and the solution, 
due to the lower quantum efficiency of dye in the opal, as shown in figure 5.7. Above the 
opal layer, the scanning plot steps up to the same count rate as in the aqueous solution.  








       Solution

















Figure 5.7 Fluorescence intensity scanning of Alexa fluor 488 in aqueous 
solution in z-direction from the glass surface through the opal layer and solution.  
 
The thickness of opal layer represented in the intensity scanning (figure 5.7) is consistent 
to that from SEM image in figure 5.6 (b). On the other hand at the position with the 
absence of the opal layer, the intensity scanning exhibits one step increasing from the 
glass surface to the equivalent intensity in the solution. With this procedure I can select 
the desired position for FCS measurement.  
The FCS measurement was performed at the middle of the opal layer, or at around 2-3 
µm above the glass surface. The example autocorrelation curves of Alexa dye in the opals 
from two different measurements are shown in figure 5.8, including the curve of Alexa 
diffusion in aqueous solution for comparison. 
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Figure 5.8 Autocorrelation curves of Alexa dye in (?) bulk aqueous solution and 
(?, ?) in aqueous solution inside the inverse opals. Dash lines are fitting curves 
in each case. The inset shows the MSD plots (same symbols as in main plots) 
with fitting double-log slopes. 
 
Other autocorrelation curves of Alexa dyes in the opals in different positions revealed 
slightly different decay rate, but all exhibited two-step decay. By fitting the correlation 
curve with equation 2-5 using 2-components (m=2), around 80% of fast diffusion and 
20% of slow diffusion are distinguished. The diffusion times of the fast component are 
varied in the range of 50-100 µs; for comparison the diffusion time for Alexa dye in water 
is 24 µs. The diffusion times of the slow component are also varied from 1 to 10 ms. Here 
I apply the calculation of mean square displacement (equation 2-7), yielding non linear 
diffusion. In the inset of figure 5.8 the MSD plot of the dye in inverse opals deviates from 
the Fickian motion (slope of 1). At small time scale belonging to fast diffusion time the 
slope is close to 1 and subsequently reduces to around 0.6 at the long time scale. This 
indicates that the slow diffusion time should relate to non-Fickian motion or highly 
restricted motion. 
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The fast component (contribution >80%) most likely arises from the diffusion of Alexa 
molecules within the opal with some restrictions (or reflections) from the opal walls, as 
schematically shown in figure 5.9 (1st process). This mechanism slows down the dye 
diffusion as compared to free diffusion in water and leads to the increase of the diffusion 
time of around 3-4 times relative to the bulk solution. Different positions of the 
observation volume can cause the difference in diffusion times. Providing that the 
observation volume illuminates on non-defected area of the inverse opals, the slowest and 
fastest diffusion times by this process can be described as following. 
a) In the most restriction case (the possible longest diffusion time), when the 
observation volume completely covers one opal, only the dye that can find the 
way from one opal to another through the small holes can give rise to the 
fluorescence intensity fluctuation. See 1st process in figure 5.9 (a) 
b) The fastest case should occur when the observation volume covers two opals 
(half of each) or more. The dye traveling within one opal can give rise to the 
fluorescence fluctuation signal. See 1st process in figure 5.9 (b) 
The slow diffusion time (contribution <20%) should originate from a different process. 
This diffusion time is in the order of millisecond which is much slower than the free dye 
in aqueous solution and can not be explained with the restricted geometry. To find a 
better explanation one should consider the possibility for very slow diffusion of the tracer 
molecules (Alexa 488) through (in) the opals walls. Indeed the inverse silica opals were 
prepared by co-deposition of silica nanoparticles (7 nm) and PS particles (320-360 nm ~ 
opal size) on the substrate, and then sintering at high temperature to remove the PS 
particles and to form a connection between the silica particles. Due to this procedure there 
might be some defects in the silica walls (disconnection between silica nanoparticles), 
turning them in nanoporous media, which allow small molecules (1 nm) to pass through. 
The diffusion time from this process can also depend on the position of the observation 
volume. If it covers large silica area, the autocorrelation curve should be stretched to 
larger time scale as shown in figure 5.9 (2nd Process). 
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Figure 5.9 Cartoons of Alexa dye motions in inverse opals with different 
positions of the observation volume (x-y plane view); (a) cover entire one opal 
and (b) cover part of few opals. ‘1st’ (red dashed line) indicates fast process, 
restricted by the enclosed wall surrounding with small opening holes. ‘2nd’ (blue 
dashed line) indicates slow process, some part of the motion including the 
diffusion in bulk silica.  
 
To verify the hypothesis for the porosity of silica wall, the silica film was independently 
prepared by dropping the same silica colloid as used for inverse opal preparation on the 
glass substrate and allowed drying to make film formation. Then the film was sintered at 
T=450°C, similar to the inverse opal preparation. The film of silica with the thickness of 
around 50-80 µm was obtained. 
Then the dye solution was dropped on the silica film and fluorescence count rate scanning 
in z-direction from glass surface was performed, as shown in figure 5.10. From the 
scanning, under and above the silica film the dye in solution show similar intensity as 
found in the solution without silica film. The scanning clearly illustrates the position of 
the silica film by the step reduction of the photon count rate for the distance of 70-80 µm, 
corresponding to the thickness of the film. Inside the silica film, the very low count rate 
indicates that most likely small part of the Alexa molecules are able to diffuse through the 
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Glass 70 -80 µm
Silica film
 
Figure 5.10 Fluorescence intensity scanning in z-direction from the glass surface 
through Alexa dye in aqueous solution with the presence of silica film.  
 
To study this diffusion process in greater details, FCS measurements were performed 
inside the silica film at around 10 µm from the bottom surface. Due to very low 
fluorescence signal in silica film, the experimental autocorrelation curve is rather noisy as 
presented in figure 5.11. When fitting this curve with autocorrelation function for one 
component, the diffusion time of around 3-4 ms is obtained. This diffusion time is in the 
same order as the slow diffusion time of Alexa dye in inverse opals indicating that the 
slow dye diffusion observed in inverse opals can be really related to the porosity of the 
silica walls. To study the contribution from the dye diffusion in the inverse opal and in 
the silica wall from other probe system, next I select the organic solvent system with an 
organic soluble dye, which may provide distinctive behaviors from the water soluble dye 
(Alexa dye in water).  
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Figure 5.11 Autocorrelation curves of Alexa 488 in aqueous solution (green solid 
line) inside the silica film and (?) in the inverse opals. Dashed lines show fitting 
by autocorrelation function. 
 
5.2.2 Diffusion of PDI in toluene solution in inverse opals 
In contrast to the Alexa dyes in the aqueous solutions, the PDI molecules in 
toluene solutions are favorably adsorbed to the opal walls. This can be easily seen on the 
LSM images shown in figure 5.12 (a) and (b), revealing bright fluorescent area of the 
opal layers discontinuously arranged on the glass surface. Since the opal size is smaller 
than the resolution of the microscope, it is impossible to find whether the dyes are 
adsorbed on the opal surface or just trapped inside the opal cavity. I therefore selected a 
larger opal size (~ 1 µm) and again imaged them with LSM. It is obviously seen in figure 
5.12 (c) that the dye molecules are densely located on the opal surface. Obviously the 
dyes adsorb on the opal surface or even diffuse strongly into the opal walls.   
To investigate this effect in detail, I study the diffusion of PDI dye in bulk silica film, 
prepared as described above. In contrast to Alexa dye in water, LSM image inside the 
film reveals a significant amount of PDI dye as shown in figure 5.12 (d).  
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Figure 5.12 LSM images of perylene/toluene solution (a), (b) in the inverse opal 
layers (opals diameter 360 nm) at different magnification, (c) in the inverse opal 
(opal diameter 1 µm), and (d) in a bulk silica piece (explain in the text). 
 
Prior to the FCS measurement I also performed the fluorescence intensity scanning across 
the glass surface through PDI/toluene solution in the opal layer and in the silica film, and 
the z-direction scanning plots from both systems are shown in figure 5.13. Opposite to 
Alexa/water system, for PDI/toluene system the fluorescence-rich phase is found in silica 
layer for both cases. From the intensity scanning the desired position for FCS 
measurement can be placed. 
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Figure 5.13 Fluorescence intensity scanning in z-direction from the glass surface 
through perylene/toluene solution in (a) the opal layer and (b) the silica film.  
 
Both LSM imaging and fluorescence intensity scanning confirm that there are perylene 
molecules present inside the silica layer, verifying the porosity of the silica film. This also 
allows the measurement of dye diffusion inside the porous silica by FCS. 
The diffusion of perylene dye inside the silica film presented in figure 5.12 (d) was firstly 
measured and the corresponding autocorrelation curve is shown in figure 5.14 (opened 
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square). The PDI diffusion time in silica is in the order of 0.01-0.1 s, which is much 
slower than its free diffusion in toluene, τPDI ~ 20 µs. This situation implies much 
stronger interaction between the perylene dye and silica than that found in the 
Alexa/water system. Moreover the correlation curve could not be simply fitted assuming 
free diffusion. Nevertheless the mean square displacement on double-log plot in the inset 
displays the straight line and represents the slope slightly less than 1, (<Δr²(t)> ∝ t-0.84). 
Inside the porous silica the different types of motions can occur due to highly restrictive 
boundaries of the nanopores. In addition the shape of observation volume might be 
distorted, yielding anomalous diffusion behaviors. 



































Figure 5.14 Autocorrelation curves of PDI in toluene solution inside (?) the 
silica film and in (?) the inverse opals. Inset shows the MSD plots in both 
systems.  
 
For PDI/toluene system, the diffusion of dye in the inverse opal should be more 
complicated. Several types of motions are included, such as the motion of the dye 
restricted by the opal wall with small opening holes, the diffusion of the dye true the thin 
silica wall, the interaction between the dye and silica surface, etc. An example of the 
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autocorrelation curve of the PDI dye measured in the opal layer is shown in figure 5.14 
(opened diamond). It presents a relatively broad curve which could be the combination of 
many processes as mentioned above. 
However as learned from the diffusion of Alexa/water in the opals that the dye motion 
reflecting inside the opal is around 3-4 times slower than the dye in solution, excluding 
the dye diffusion in silica. With the same aspect, in case of the perylene/toluene in the 
opal the fast diffusion time should also take place. However when combining this fast 
diffusion with the slow diffusion time, the autocorrelation curve represents the large 
contribution from the slow diffusion (opened diamond in figure 5.14), which is in the 
same order of the diffusion in the silica film (opened square in figure 5.14). This implies 
that the PDI dyes in toluene solution mainly exist in the silica wall and diffuse with much 
slower rate as compared to the Alexa dyes in water, representing stronger interaction 
between dyes and silica under the presence of solvent.  
The anomalous behaviors of PDI/toluene in the inverse opal require more systematic 
study to obtain the characteristic times of many occurring processes. It should be noted 
here that the study of diffusion in such a confined space, the interaction between tracer 
molecules and the material of the systems become more important and significantly affect 
the tracer diffusion behaviors. For further analysis, the interaction of the probe molecules 





Summary and conclusions 
 
During the last two decades the fluorescence correlation spectroscopy (FCS) has 
emerged as a powerful technique to investigate the diffusion of fluorescence species in 
various surroundings. The method is based on the measurement of the fluorescence 
intensity fluctuations caused by fluorescence species diffusing through an observation 
volume defined by the focus of confocal microscope. This very small observation volume 
(V < 1µm3), allows FCS to address the diffusion of fluorescence species at extremely low 
concentration (nM), and provides a great potential to locally access systems that require 
high spatial resolution. Until very recently, however, FCS has been applied mainly to 
biological, i.e. aqueous environments.  
In this thesis I explored the possibility to use FCS as a powerful and versatile tool in 
polymer science. In particular I focused on the application of FCS to study tracer 
diffusion in dense polymer systems, e.g. undiluted polymer solutions, polymer melts, 
crosslinked polymers. To obtain the diffusion coefficients of tracers in such systems, I 
first developed a procedure for a precise calibration of the observation volume that can be 
applied for a particular polymer melt or an organic solvent. The developed measurement 
protocol was first examined in simple and well-studied systems, i.e. polystyrene solutions 
by comparing my results with existing literature data and theories. In this part FCS was 
used to study molecular and polymeric tracer diffusion in PS/Acetophenone solutions 
over a broad range of concentrations with different tracers and matrix sizes. I found that 
the diffusion of small molecular tracers (R ~ 0.5 nm) in such solutions was mainly 
controlled by the crowded environment, and not affected by the polymeric nature of the 
matrix, expressed through its molecular weight and the crossover concentration. The 
results showed good agreement with previous works.[8, 23, 36] On the other hand, the 
diffusion of polymeric probe in solution of a matrix polymer depended on the molecular 
weights of both probe (Mw,p) and matrix (Mw,m).  The diffusion of polymeric probes in the 
polymer solutions, when Mw,m ≥ 5Mw,p, scaled with c/cp*, where cp* was the probe 
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overlap concentration and can be well described by both scaling concepts [21, 29] and 
Phillies equation.[27, 28] Furthermore, I emphasized in this study that FCS can be employed 
to investigate simultaneously a multi-component diffusion in polymer solutions, when the 
probes exhibit sufficiently different diffusion coefficients. With the good agreement to 
literature data, these results (described in chapter 3) illustrate that FCS is capable to 
address the dynamics of molecular and polymeric tracers in polymer solutions.  
FCS was further employed to study tracer dynamics in denser systems, i.e. polymer melts 
as described in chapter 4. As compared to other techniques FCS is particularly suited to 
investigate such systems because its single molecule sensitivity allows studies at 
nanomolar tracer concentrations, ensuring that the tracers do not modify the matrix 
polymer properties. I measured the diffusion coefficients of small fluorescence molecules 
(perylene, terrylene) in bulk PDMS and PI at temperatures well above the polymer glass 
transitions. For both systems the small tracer diffusion coefficient D did not follow the 
surrounding macroscopic viscosity, which was extremely increased for high Mw 
polymers. It decreased with increasing polymer matrix Mw, and reached an asymptotic 
value at a particular Mw, which was around 30 and 10 kg/mol for PDMS and PI, 
respectively. The temperature dependence of the diffusion coefficient D(T) was also 
measured. I found that the D(T) could be well described by non-Arrhenious (VFT) 
equation, yielding an activation energy BBD that was affected by many parameters, e.g. 
tracer size, polymer matrix, etc. For example in both PI and PDMS the smaller tracer 
(perylene) showed lower activation energy than the bigger tracer (terrylene). Furthermore 
for both tracers the values of BDB  in PDMS were significantly lower than in PI. In an 
attempt to correlate the tracer diffusion to the polymer matrix dynamics, I compared the 
temperature dependence of the diffusion coefficient D(T) to the polymer segmental 
dynamics expressed through the segmental relaxation time τs(Τ) as measured by dielectric 
spectroscopy. In both PDMS and PI, D(T) showed weaker temperature dependence 
(lower activation energy) than 1/τs(T), yet both activation energies from D(T) and 1/τs(T) 
in PDMS were around 2 times weaker that those in PI. Apart from segmental relaxation 
of polymer hosts, other parameters, such as tracer size, polymer type, the distance of 
studied temperature from Tg, etc., can also contribute to the tracer diffusion behaviors. 
The diffusions of small probes in miscible polymer blends, i.e. mixtures of two PI 
samples with different Mw and a symmetric blend of PI and PVE, were also studied. 
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While the former exhibited close α-relaxations and the latter exhibited distinct α-
relaxations, a single diffusion coefficient D for a terrylene probe in both systems was 
observed. This was a result from the long length scale of the FCS experiments (~500 nm) 
that averaged the two α-relaxations contributions.  
To address the effect of host polymer topology I also investigated the small molecule 
diffusion in melts of star-shaped polymers.  In 3-arm star 1,4-polyisoprene, the small 
tracer revealed two diffusion modes. The fast mode showed the same magnitude and 
same temperature dependence as the tracer diffusion in the linear PI. This finding was 
further evidence that the probe diffusion is strongly correlated to the segmental dynamics 
of the host polymer, which is identical in the star and linear PI.[61] The slow mode 
diffusion was found only in the star polymer and was apparently related to topological 
restrictions and the arm relaxation, which exhibited similar temperature dependence.  
In the final chapter I explored the capability of the FCS technique to take advantage of its 
extremely small observation volume and address small and/or heterogeneous system. For 
example I studied the tracer diffusion in a cross-linked polystyrene bead (diameter 20-40 
µm) swollen in toluene. The tracer diffusion coefficient was measured at different 
position inside the bead, and correlated to the local polymer density. In this way, 
important information for the uniformity of the bead swollen state can be revealed. 
Another application of FCS illustrated in chapter 5 was the tracer diffusion in solutions 
confined in silica inverse opals. This study revealed anomalous diffusion behaviors, 
which can be affected by many parameters, such as system interaction, size of the 
observation volume relative to system’s length scale (opal size).  
In brief, I demonstrated the application of FCS technique to study molecular and 
macromolecular tracer diffusions in different polymer systems and address the effect of 
various parameters, i.e. polymer Mw, tracer size, temperature, polymer topology, etc., as 
well as the heterogeneity of the systems. FCS has been proved as a versatile tool to 
investigate diffusion properties in polymer and organic environments. Its ability to 
address very low tracer concentrations and to locally access a desired position in the 
sample renders FCS to be an attractive alternative to augment knowledge in polymer 
physics. 
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List of symbols 
 
c Concentration 
c* Overlapping concentration 
cp* Overlapping concentration of probe 
D or Di Diffusion coefficient of species i 
D0 Diffusion coefficient in pure solvent (at c = 0) 
Ds Self diffusion coefficient 
D∞ D at high temperature limit 
F(t’) Fluorescence intensity (kHz) at time t’ 
fi Fraction of species i 
G(t) Autocorrelation function 
λ Wavelength of light 
λex Wavelength of excitation light 
λex Wavelength of emission light 
Ma Arm molecular weight in star polymer 
Mc Critical molecular weight for entanglements 
Mw Weight average molecular weight 
m Number of fluorescence species types in the studied system 
N Degree of polymerization or number of monomers in polymer chain 
NA Avogadro’s number 
Np number of particles in the observation volume 
<Δr²(t)> Mean square displacement 
q Scattering vector 
R Hydrodynamic radius 
Rg Radius of gyration 
R*  Gas constant 
r0 Radial axis of confocal volume 
S Structure of parameter (= z0/r0) 
t Experimental lag time 
τD Lateral diffusion time 
τs Segmental relaxation time 
 τa Arm relaxation time (in star polymer) 
τTr Triplet decay time 
T Temperature 
T0 Ideal glass transition temperature 
Tg Glass transition temperature 
Tr Triplet fraction 
V Observation volume 
z0 Vertical axis of confocal volume 
η Viscosity 
ξ Polymer mesh size 
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 List of abbreviations 
 
BP Band pass transmission filter 
DLS Dynamic light scattering 
DMA Dynamic mechanical analysis 
DS Dielectric spectroscopy 
FCS Fluorescence correlation spectroscopy 
FRAP Fluorescence recovery after photobleaching 
FRS  Forced Rayleigh scattering 
LP Long pass transmission filter 
LSM Laser scanning microscope 
MSD  Mean square displacement 
NMR Nuclear magnetic resonance 
PDI Perylene-diimide 
PDMS Polydimethylsiloxane 
PFG-NMR Pulsed-field-gradient NMR 
PI Polyisoprene (1,4-cis) 
PMI Perylene monoimide  
PNIPAAm  Poly (N-isopropylacrylamide) 
PS Polystyrene 
PSL Polystyrene labeled with PMI dye 
PVE Poly vinyl ethylene (1,2-polybutadiene) 
Rh6G Rhodamine 6G 
SE Stokes-Einstein equation 
SEM Scanning electron microscope 
SPI 3-arm star  polyisoprene (1,4-cis) 
TDI Terrylene-diimide 
THF Tetrahydrofuran 
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